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Modeling of the seepage history of DNAPLs is investigated as a new, non-invasive site inves-
tigation tool in order to elucidate the possible position of still unknown DNAPL source zone 
at many investigated industrial sites. 
Therefore, the spatio-temporal spreading behavior of the DNAPL TCE is studied with the 
multiphase modeling software TMVOC in small and large scale 2D multiphase scenarios with 
varying parameter sets concerning groundwater flow, composition of aquifers and aquitards 
and subsurface morphologies, as depressions and trenches.  
The small scale models were calibrated by laboratory experiments conducted at La Sapienza 
University, Rome. They exhibited that even groundwater pore velocities of vw = 0.05 m/d 
have a strong impact on the spreading behavior and the position of a DNAPL body. Down-
stream inclined percolation path ways, enhanced dissolution rates and lateral transportation 
in downstream direction are the most dominant impacts. Small scale layering of the subsoil 
with horizontal lenses of impermeable materials affects the distribution pattern only slightly 
at vw > 5 m/d, which are common flow velocities in many gravelly aquifers in Europe. 
Upscaling of the models to field scale problems exhibited potential transportation length in 
downstream direction of several hundreds of meters, assuming a moderate spill rate of 
ca. 3 kg/day over an area of several square meters. 
Investigating real subsurface morphology including real material parameters provided by the 
ModelPROBE reference site Chimica di Bianchi in Rho, Italy, revealed that the DNAPL 
TCE will be transported out of moderate depressions (slope of 2.5°) even at groundwater flow 
velocities of vw ≤ 1 m/d, which is in the range of documented groundwater flow velocities at 
the reference site. Moreover, the documented material classes, which comprise the aquitard at 
the site, are not in general impermeable for percolating DNAPLs. Only pure clays with a 
hydraulic conductivity of kf ≤ 10
-9 m/s are long-term barriers for vertical DNAPL percola-
tion. 
The conducted investigations deliver a reasonable explanation for the often unknown position 
of DNAPL source zones at former industrial sites and are, as far as it is known, the first 
large scale scenarios of DNAPL spreading behavior in real subsurface morphology. 
Based on the conducted research it can be concluded that at the reference site Chimica di 
Bianchi the main mass of DNAPLs was not at the assumed hot spot, which was encapsulated 
in the 1980s, but probably migrated considerable distances in downstream direction, passing 
through or following partly the topography of the aquitard.  
But the applicability of multiphase modeling as additional non-invasive site investigation tool 
is still challenging due to software restriction concerning size and resolution of the models 









Die Simulation der Ausbreitung von fluiden Phasen in der gesättigten Zone wird als neue, 
nicht-invasive Untersuchungsmethode erforscht, um die mögliche Position der noch unbe-
kannten DNAPL Quellbereiche an zahlreichen industriellen Standorten aufzuklären. 
Hierfür wird beispielhaft das räumlich-zeitliche Ausbreitungsverhalten des DNAPLs TCE in 
klein- und großskaligen 2D Modellen mit dem numerischen Mehrphasensimulator TMVOC 
untersucht. Qualifiziert und quantifiziert wird hierbei das Ausbreitungsverhalten, die Geo-
metrie und die finale Position des DNAPL-Körpers in Abhängigkeit von Grundwasserfließge-
schwindigkeiten, Materialkomposition der hydraulischen Einheiten sowie von der morphologi-
schen Ausprägung der Grundwassergeringleitern. 
Die anhand von Laborversuchen kalibrierten kleinskaligen Untersuchungen haben gezeigt, 
dass bereits Grundwasserfließgeschwindigkeiten von vw = 0.05 m/d einen starken Einfluss auf 
das Versickerungsverhalten und die Position des Phasenkörpers haben. Der DNAPL weist 
einen in abstromiger Richtung abgelenkten Versickerungspfad auf, wird als pool in seiner 
oberstromigen Ausbreitung gehemmt und in seiner abstromigen Ausbreitung verstärkt und 
ist erhöhten Lösungsraten ausgesetzt. Ein inhomogener Aufbau des Untergrundes, z.B. durch 
eingebettete undurchlässige Linsen, ergab nur bei geringen Fließgeschwindigkeiten eine Beein-
flussung des DNAPL Ausbreitungsverhaltens. Grundwasserfließgeschwindigkeiten von 
vw > 5 m/d, wie sie für viele kiesige Grundwasserleiter in Europa typisch sind, dominieren 
über Effekte eines inhomogenen Untergrundes. 
Um Fragestellungen auf Feldskala beantworten zu können, wurde ein Upscaling der kleinska-
ligen 2D Modelle durchgeführt (500 m Länge, 11 m Tiefe, ein Aquifer und ein Aquitard). Es 
ergaben sich bei Fließgeschwindigkeiten von 0.05 m/d < vw < 1 m/d und einer Versicke-
rungsrate von 3 kg/d m² mögliche abstromige Transportweiten von mehreren hundert Me-
tern innerhalb von 75 Jahren. 
Modellierungen des realen Referenzstandortes Chimica di Bianchi in Rho, Italien ergaben, 
dass der DNAPL TCE bei vw ≤ 1 m/d bereits moderate Steigungen von 2.5° innerhalb eines 
Grundwasserstauers überwinden kann und somit Depressionen und Senken innerhalb eines 
Aquitard nicht zwangsläufig einen DNAPL in seinem Ausbreitungsverhalten hemmen müs-
sen. Zusätzlich durchgeführte Untersuchen bezüglich der Barriereeigenschaften des vor Ort 
dokumentierten Aquitards führten zu der Feststellung, dass das als Aquitard angesprochene 
Material in seiner Zusammensetzung sehr heterogen und nicht flächenhaft verbreitet ist. 
Durch die unvollständige Verbreitung des Aquitardmaterial bestehen mögliche hydraulische 
Verbindungen zwischen den beiden Aquiferen an dem Referenzstandort und es ist möglich, 
dass der DNAPL durch ein hydraulisches Fenster in den tieferen Aquifer migrierte. Darüber 
hinaus ergaben die Untersuchungen, dass die Materialklassen, aus denen sich der Aquitard 
zusammensetzt, nur teilweise Stauer für vertikal versickernden DANPL darstellen. Von den 
fünf vorkommenden Materialklassen, stellten einzig reine Tone (kf < 10
-9 m/s) langfristige 
DNAPL-Stauer dar. 
Die durchgeführten Untersuchungen liefern plausible Erklärungen für die oft unbekannte 
Position von DNAPL Quellzonen an vielen bereits erkundeten Industriestandorten.  
Basierend auf den Ergebnissen der Mehrphasensimulation kann der Schluss gezogen werden, 
dass sich am Standort Chimica di Bianchi die Hauptmasse der DNAPL Kontamination nicht 
an der Position befindet bzw. befand, die in den 1980ern eingekapselt und gesichert wurde. 
Aller Wahrscheinlichkeit nach migrierte der DNAPL stromabwärts. Ob er dabei von dem 
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Aquitard in seiner vertikalen Ausbreitung gehemmt wurde und /oder dessen Morphologie 
folgte, ist aufgrund der Datenlage des Feldstandortes momentan nicht feststellbar.  
Die Anwendung der Mehrphasensimulation als zusätzliche Untersuchungsmethode an konta-
minierten Feldstandorten stellt immer noch eine Herausforderung dar, da erhebliche Restrik-
tionen bezüglich Modellgröße, Diskretisierung sowie der Implementierung von heterogen 
Durchlässigkeitswerten (kf) bestehen.   
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VC   Vinyl chloride 






1.1 Reason and incentive 
Many industrial sites worldwide are contaminated with toxic chemicals due to accidents or 
improper handling over long time periods. The major group of contaminants is composed of 
volatile chlorinated hydrocarbons as e.g. chlorinated solvents. Due to their widespread appli-
cation in various industrial areas since the 1920s, they are the most common groundwater 
contaminations worldwide (Pankow and Cherry, 1996; Teutsch et al., 1997; Grandel and 
Dahmke, 2008). Most chlorinated solvents are so-called Non-Aqueous Phase Liquids (NAPL), 
defined as a liquid immiscible with water at standard conditions. Based on the density of 
NAPLs, they are either categorized as Dense Non-Aqueous Phase Liquids (DNAPL) or Light 
Non-Aqueous Phase liquids (LNAPL), depending on their density relative to the density of 
water. 
Especially DNAPLs pose a significant threat to the environment and human health due to 
their physico-chemical behavior and their toxicity (cp. Chapter 2). When released into the 
environment, they seep away into the subsurface, forming long-term source zones of contami-
nation as distinct NAPL phase and causing long plumes of dissolved contaminants in the 
groundwater. Plumes emanating from DNAPL source zones can reach lengths of several hun-
dreds of meters (Teutsch et al., 1997).  
 
 
Figure 1.1 Principles of DNAPL distribution in the subsoil (after Domenico & Schwartz, 1990) 
In the USA, chlorinated solvents are among the most common DNAPLs causing groundwater 
contamination (Moran et al., 2006), being present in 17 % of all wells investigated by the US 
Geological Survey´s National Water-Quality Assessment Program (Gilliom et al., 1995). 
More than 30 % of the groundwater samples taken contained mixtures of several chlorinated 
solvents. In its Toxic Release Inventory, the US Environmental Protection Agency (US EPA) 
listed a total release of ca. 1 800 t of perchloroethylene (PCE) and of ca. 5 000 t trichloro-
ethylene (TCE) onshore and offshore for the years 1998 – 2001 (Hassanizadeh et al., 2004). 
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In Germany, more than 14 200 contaminated sites (legal term “Altlast”, table 1.1) are regis-
tered at the Umweltbundesamt (Umweltbundesamt, 2011), of which 64 % are contaminated 
with chlorinated solvents (Teutsch et al., 2001; Grandel and Dahmke, 2008). Therefore the 
following chapters are restricted to the group of chlorinated solvents as typical DNAPL –
 compounds, although some chlorinated solvents are gases at standard conditions, as e. g. 
vinyl chloride (VC), chloroethane and chloromethane (CM). 
Table 1.1 Statistic of contaminations in Germany per federal state (after Umweltbundesamt, 2011) 
Federal state / Germany 
Finished remediation of 









Baden-Württemberg 2624 2219 620 435 
Bayern 1658 1051 966 85 
Berlin 191 937 71 72 
Brandenburg 4073 1476 131 234 
Bremen 621 408 42 167 
Hamburg 426 533 147 140 
Hessen 880 436 236 51 
Mecklenburg-Vorpommern 1155 999 359 396 
Niedersachsen 1597 3482 381 535 
Nordrhein-Westfalen 6158 - - - 
Rheinland-Pfalz 128 296 168 58 
Saarland 156 456 35 64 
Sachsen 2927 627 434 1474 
Sachsen-Anhalt 1680 186 71 50 
Schleswig-Holstein 974 320 66 54 
Thüringen 837 783 191 71 
contamination = legal term "Altlast" in German 
Remediation of contaminations due to chlorinated solvents prove to be extraordinary diffi-
cult. They are hard to detect, hard to remove and neither biologically nor chemically easy to 
degrade, resulting in long-term risk potential.  
A typical example for complex contamination, challenging site investigation and difficult site 
remediation is the former industrial area Chimica di Bianchi in Rho, Italy. Nearly eighty 
years of industrial use and over twenty years of containment and remediation actions did not 
significantly improve the water quality at the site. The long-term industrial production of 
dyes led to a heavy contamination of the aquifers at the site mainly with the DNAPLs tri-
chloroethylene (TCE) and perchloroethylene (PCE). Although the former hot spot of the 
contamination, an open disposal basin, was encapsulated in the 1980s and a well gallery is 
capturing the plume, concentrations of dissolved TCE are still unchanged high in the deeper 
one of the two aquifers at the site. It is postulated, that a DNAPL pool with unknown posi-
tion acts as long time source zone for the plume. 
Aim of this thesis is to model DNAPL pathways over the whole time time frame of activities 
of industrial production as well as of remediation activities above ground at the site in order 
to deliver supplementary information for the site investigation and site remediation teams. 
Information delivered by scenario modeling can answer most prominent open questions at a 
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site, helping to plan next steps of site investigation and site remediation in a more time and 
cost efficient way. 
Based on the already existing information about the site, e.g. geological and hydrogeological 
information of former site investigation campaigns, the possible current position and amount 
of remaining DNAPLs shall be assessed by multiphase modeling. 
But, as it is a real field site and not a simplified laboratory experiment, basic principles of 
DNAPL migration in the subsoil have to be investigated first, before being able to conduct 
models of a realistic field scale. The main challenges can be categorized as four issues and 
resulting questions: 
 
Issue 1 – Documented natural groundwater flow velocities at many industrial sites are 
much higher than typical groundwater flow velocities investigated in already conducted 
laboratory experiments and scenario models. Groundwater flow can furthermore be in-
creased, when Pump & Treat facilites operate at the sites. At the former industrial site 
Chimica di Bianchi natural groundwater flow velocities are approximately 1 – 2 m/d and 
several wells are capturing the plume of dissolved contaminants. 
Could increased groundwater flow velocities have affected the position of the DNAPL 
source zone? 
 
Issue 2 – Geological descriptions of hydraulic units as aquifers and aquitards vary gener-
ally by several orders of magnitude in reality. At the site Chimica di Bianchi, the geologi-
cal description of the present aquitard includes mixtures of silty sand, sandy silt, silty clay 
and pure clay, and acting as overall impermeable layer for groundwater. In general 
groundwater aquitards are assumed to be effective barriers for vertical DNAPL movement. 
 Are the assumed aquitard materials also impermeable for DNAPLs? 
 
Issue 3 – Spatial information about the distribution of hydraulic units is generally sparse, 
because traditional site investigation is mostly drilling and only in single cases supported 
by geophysical areal investigations. The distribution of geological units has to be interpo-
lated in most cases from point data (bore-logs, borehole informations). At Chimica di 
Bianchi in Rho it is assumed that the impermeable material of the aquitard is omnipres-
ent at the site, but geological modeling conducted in this study indicate that the aquitard 
may have several missing areas. 
 Is it possible that the DNAPL migrated through a gap in the aquitard to the deeper aq-
uifer? 
 
Issue 4 – Aquitards and low permeable units are in reality charcterized by complex mor-
phological features, as depressions, trenches, ridges and eroded areas. Assuming an omni-
present, impermeable aquitard at the site Chimica di Bianchi, the surface of this aquitard 
shows typical subsurface morphology with trenches, depressions and ridges. 
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What are the influences of subsurface morphologies on the DNAPL movement and its 
final position? 
 
Addressing these issues in a combined four step investigation process, the current position of 
the DNAPL at the Rho site can possibly be approximated. Moreover, the basic principles 
and questions, which are addressed at the Rho site, appear at many brownfield sites world-
wide. They cover the typical problems every site investigation team encounters. Results 
gained in this thesis can easily be applied to similar sites, improving the knowledge about 
long-term source zones in the subsoil. 
The investigations performed at the former industrial site Chimica di Bianchi are integrated 
in the EU - project ModelPROBE - Model driven soil probing, site assessment and evaluation 
(7th European framework), which develops and improves innovative low-invasive site investi-
gation techniques for an iterative site investigation progress as new cost and time efficient 
tools. 
1.2 Structure and scope of the thesis 
The current knowledge about DNAPLs, especially chlorinated solvents, is summarized in the 
following introductionary chapters. They provide a short overview of the history of produc-
tion and usage (Chapter 1.3), current research focus and the project ModelPROBE (Chapter 
1.4), physico-chemical properties and toxicology of chlorinated solvents as typical DNAPLs 
in Chapter 1.5 and 1.6. The general principles of DNAPL movement as well as the mathe-
matical formulation for calculation applied in this thesis are presented in Chapter 1.7, which 
also includes the summary of the already internationally conducted research about the influ-
ence of heterogeneities and groundwater flow velocities on DNAPLs. 
Chapter 2.1 shortly lists the features and restrictions of the applied software bundles 
TMVOC, PetraSim and GMS. Chapter 2.2 presents the primary data that is the base for the 
modeling. It contains a brief description of the laboratory experiments conducted and pub-
lished by Luciano et al (2010), which are the basis for the calibration of the multiphase mod-
el. A short overview of the results of the literature study concerning the site Chimica di 
Bianchi is included. The following Chapter 2.2.3 presents the already existing geological and 
hydrogeological information of the former industrial area Chimica di Bianchi. The data-set 
contains more than 250 boreholes in the area and data of monitoring campaigns of nearly 20 
years. Based on the borehole data-set, structural geological models of the geological material 
classes as well as of the hydraulic units were conducted in order to identify subsurface mor-
phology and potential gaps in the aquitard. The structural 3D models of the site are present-
ed and discussed in detail in Chapter 2.3. 
The results of the investigations performed are presented in the following chapters. 
Chapter 3 addresses Issue 1 – “Could increased groundwater flow velocities have affected the 
position of the DNAPL source zone?” and governs the calibration of the multiphase model by 
means of the conducted laboratory experiments and the influence of high groundwater flow 




Erning, K., Schäfer, D., Dahmke, A., Luciano, A., Viotti, P. and Petrangeli Papini, M. 
(2009): Simulation of DNAPL infiltration into groundwater with differing flow 
velocities using TMVOC combined with PetraSim. TOUGH Symposium 2009. 
Proceedings TOUGH Symposium. LBNL. Berkeley, CA, USA. 
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(2010a): Simulation of DNAPL distribution depending on groundwater flow velocities 
using TMVOC. In: M. Schirmer, E. Hoehn and T. Vogt (Editors). IAHS Publication: 
Groundwater Quality Management in a Rapidly Changing World. Proceedings of the 
7th International Groundwater Quality Conference held in Zurich, Switzerland, 13-18 
June 2010. Red Books. IAHS. Oxfordshire. pp. 128-131. 
Erning, K., Schäfer, D., Dahmke, A., Luciano, A., Viotti, P. and Petrangeli Papini, M. 
(2010b): Simulation of DNAPL distribution depending on groundwater flow velocities 
using TMVOC. International Groundwater Quality Conference 2010. Zurich, 
Switzerland. 
The next step includes the influence of groundwater flow velocities and subsurface geome-
tries, which were represented by a layering of different material sets in the model. The results 
are presented in Chapter 4 and are published as: 
Erning, K., Schäfer, D., Grandel, S., Dahmke, A., Luciano, A., Viotti, P. and Petrangeli 
Papini, M. (2010c): Model investigation of DNAPL distribution in the saturated zone 
for varying groundwater flow velocities and subsurface geometry. ConSoil 2010. 
Salzburg, Austria. 
Erning, K., Grandel, S., Dahmke, A. and Schäfer, D. (2012): Simulation of DNAPL 
infiltration and spreading behaviour in the saturated zone at varying flow velocities 
and alternating subsurface geometries. Environmental Earth Sciences 65(4): 1119-
1131. 
Issue 2 – “Are the assumed aquitard materials also impermeable for DNAPLs?” is addressed 
in Chapter 5. It includes the project report performed for the research project ModelPROBE 
and investigates the possible implications of the formerly conducted research for the field site 
on a simplified model. It is published as: 
Erning, K. and Schäfer, D. (2011): Multiphase model driven site assessement of the former 
industrial facility Chimica di Bianchi in Rho / Italy. In: M. Kästner (Editor). 
ModelPROBE report second period (12/2009-05/2011): Workpackage 9.2: Field 
Demonstration and Cross Validation. pp. 187-197. 
Issue 3 – “Is it possible that the DNAPL migrated through a gap in the aquitard to the deeper 
aquifer?” and Issue 4 – “What are the influences of subsurface morphologies on the DNAPL 
movement and its final position?” are addressed in Chapter 6. 
The influence of varying groundwater pore velocities, the hydraulic gradient, material compo-
sition of aquifers and aquitard and of the subsurface morphology of the aquitard are investi-
gated with respect to their impact on the position and mass of the DNAPL. Statistical anal-
yses were performed in order to identify sensitive parameters. Implications for similar field 
sites are drawn. The work is going to be submitted to the journal Italian Journal of Engi-
neering Geology and Environment as: 
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Erning, K., Dahmke, A. and Schäfer, D. (2013 (submitted)): Multiphase modeling of the 
impact of groundwater flow velocities on DNAPL migration in the multi-aquifer 
formation of Rho, Italy. Italian Journal of Engineering Geology and Environment. 
Chapter 7 summarizes and discusses the results of the conducted research, highlights main 
advantages as well as main points of criticism and concludes with a perspective for the appli-
cation of multiphase modeling as a future field site investigation tool. 
1.3 Historical overview 
Production and distribution of chlorinated solvents in Germany is documented for the first 
time in the 1930s (Grandel & Dahmke, 2008). The main products tetrachloroethylene (PCE) 
and trichloroethylene (TCE) were used in chemical dry cleaning and in broad applications in 
metallurgy, with increasing consumption since the 1960s. In the 1970s, groundwater contami-
nations with chlorinated solvents were detected for the first time. Increasing knowledge about 
the occurrence of chlorinated solvents in groundwater was gained in the beginning of the 
1980s, as technical advances in analytical chemistry enabled detection of concentrations in 
the range of µg/l, causing growing risk awareness.  
In 1986 volatile organic hydrocarbons were categorized as substances hazardous to water 
(“wassergefährdende Stoffe”) in Germany. From then on, their use and distribution has been 
restricted by the federal law (Grandel and Dahmke, 2008) and drinking water levels have 
been defined as 0.01 mg/l. The US EPA published 1987 the drinking water value for TCE as 
0.005 mg/l (Pankow and Cherry, 1996). In the same period Schwille (1988) conducted fun-
damental research about the occurrence, distribution, and behavior of chlorinated solvents in 
the saturated zone, exploring their long-term risk potential.  
Since the end of 1980s, the general knowledge grew that volatile organic hydrocarbons exist 
as a distinct free phase (NAPL) in the saturated zone (e.g. Mackay et al., 1985; Mercer & 
Cohen, 1990; Schwille, 1988, Feenstra et al., 1996, Mackay et al., 1991). Before that time it 
was assumed that chlorinated solvents enter the subsoil as dissolved components in seepage 
water. 
Currently it is known, that chlorinated solvents are mainly present as DNAPLs in the satu-
rated zone, forming long-term source zones in aquifers and aquitards (Kavanaugh et al., 
2003; Grathwohl, 2006), which is the main reason for the difficult remediation, e.g. the inef-
fectiveness of conventional remediation actions by Pump & Treat (Mackay and Cherry, 1989; 
National Research Council (NRC), 1994; Stroo et al., 2003). 
1.4 Recent research focus on site investigation and site remediation 
Over the last 30 years intensive research was conducted on potential DNAPL remediation. 
Several national and international research projects investigated and tested new methods of 
site clean-up, as for example natural attenuation (KORA), reactive permeable barriers (RU-
BIN), air sparging, thermal treatment combined with soil vapor extraction, nano-iron (NA-
PASAN), chemical oxidation and phytoremediaton. But most of these techniques are de-
signed to remediate the plume of dissolved chlorinated solvents, because either the position of 
the source zone is unknown in detail or the concentrations in the source zone are too high for 
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possible remediation. In its 2003 published report on DNAPL remediation, the U.S. EPA 
stated that:  
“[…] because of the risk of failure in achieving certain regulatory targets after implementing a 
source-depletion technology […], combined with uncertainties in site characterization 
(i.e., the location and amount of DNAPL in groundwater at a site), […], in pre-
diction of life cycle costs, and uncertainties regarding the acceptability of alternative clean-up 
levels, many site owners have been reluctant to undertake aggressive source-depletion tech-
nologies.Thus, at the majority of DNAPL sites, containment of the source zone and/or 
management of the dissolved plume for cost-effective risk/liability reduction and 
regulatory compliance have been the dominant strategies of choice.”  
Therefore, recent and current research and development projects such as ModelPROBE or 
Soilcam specifically aim for a more effective and efficient localization and characterization of 
contaminations in the subsurface, because the unknown position and unknown mass of con-
taminants create huge uncertainties for site remediation action plans.  
The ModelProbe project aims for the development and improvement of innovative site inves-
tigation methods at a wide variety of contaminated sites. The methods rely on a cyclical ap-
proach, with the intent of short feedback-loops in order to create a time and cost efficient 
approach for modern site assessment. In most cases, the conventional approach of site char-
acterization consists of a one-way investigation line of drilling, sampling, analysis of samples 
and decision making. This approach is well known and its data and results are considered 
reliable. But the numbers of drillings and samples are often limited by time and finances at 
disposal, even if the site would require much more detailed information for a thorough risk 
assessment. Therefore smart feedback-loops in a new integrated cycle of site assessment are 
investigated within ModelPROBE in order to improve site assessment (figure 1.2). 
The ModelPROBE approach consists of (Kästner et al., 2012): 
− a toolbox of innovative investigation techniques allowing for short-term (on-site) feed-
back-loops in order to adapt investigation concepts frequently based on the most recent 
data 
− a series of methods to interpret and assimilate data gained by multiple techniques 
and 
− an overall cyclical approach to design field investigation campaigns in a sophisticated 
and structured way. 
The multiphase modeling may prove itself as a supplementary data processing technique, 
with the possibility to give supporting information about data gaps, uncertainties regarding 
geological parameters or distribution of contaminants. It can theoretically be implemented 
after the first step of site investigation improving the decision making process for planning of 
the next investigation cycle. Based on the available primary data of the site, it may even be 
possible to improve the approximation of the position and amount of contaminants and their 





Figure 1.3 Sketch of principle methodology of model driven site assessment 
1.5 Physico-chemical properties of DNAPLs 
Dense Non-Aqueous Phase Liquids (DNAPLs) comprise a group of fluids that have a density 
higher than water. Typical DNAPLs are chlorinated solvents, polychlorinated biphenyles, 
 
Figure 1.2 Techniques and methods covered by ModelPROBE and their application within an idealized 
cyclical approach (P. Dietrich, MOSAIC; http://www.ufz.de/index.php?de=16349) 
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coal tar, creasote and extra heavy crude oil. Typical compounds of chlorinated solvents are 
Tetrachloroethylene (PCE), Trichloroethylene (TCE), 1,1,1-Trichloroethane, Dichloro-
methane (DCM), Trichloromethane (Chloroform), Carbon tetrachloride (CT), 
1,2-Dichloroethane, 1,2-Dichlorobenzene, 1,3-Dichlorobenzene, 1,1,2-Trichloroethane and 
1,1,4-Trichlorobenzene.  
In general, chlorinated solvents have a high volatility. Historically this led to the misbelief 
that openly disposed chlorinated solvents would evaporate to the atmosphere. But it is 
known since the 1980s (Pankow and Cherry, 1996) that major amounts infiltrated the sub-
surface and were transported across the capillary fringe to the saturated zone. The transport 
across the capillary fringe can be extremely slow, which complicates remediation (McCarthy 
and Johnson, 1992). High volatility increases the risk of inhaling and can cause serious dam-
age to the health (cf. Chapter 1.6). 
Densities of chlorinated solvents range from 1.2 g/cm³ to 1.7 g/cm. If enough liquid is 
spilled, DNAPLs can penetrate the capillary barrier of the capillary fringe and infiltrate into 
groundwater. Once within the saturated zone, vertical movement of the DNAPL is predomi-
nant and complicates site remediation actions (Pankow and Cherry, 1996). 
The low viscosity of most DNAPLs in combination with the high density enhances rapid 
downward movement within the subsoil (Cohen and Mercer, 1993). Moreover, the viscosity of 
DNAPLs decreases further with increasing temperatures. 
The movement in the subsoil is furthermore enhanced by their low interfacial tension. It 
promotes the entrance into small pore spaces and fractures and complicates the removal 
(Pankow and Cherry, 1996). The absolute solubilities of most chlorinated solvents ranges at 
1 mg/l, which causes longevity of fingers, blobs and pools of DNAPLs (cf. figure 1.1 and 
Chapter 1.6.1) in the range of decades to centuries in the subsoil (Johnson and Pankow, 
1992). But comparing the absolute solubilities of chlorinated solvents to the levels of drinking 
water standards, their maximum solubility is still far above acceptable levels (table 1.2). 
Chlorinated solvents bind only weakly to soil particles due to their low partitioning to the 
soil-matrix. Retardation capacities of soils are therefore not significant. 
Chlorinated solvents are not easily degradable, neither by biological nor by abiotic-chemical 
processes. Degradation process is generally in terms of decades or longer, but can chemically 
or biologically be enhanced. 
1.6 Ecotoxicological potential of selected chlorinated solvents 
Due to the historical usage, only PCE, TCE and their degradation products cis-DCE and 
vinyl chloride are presented in detail. For ecotoxicological potential of the other chlorinated 
solvent, please consult the GESTIS Stoffdatenbank (Institut für Arbeitsschutz der Deutschen 
Gesetzlichen Unfallversicherung (IFA), 2012). Generally, chlorinated solvents can cause irri-
tation of the respiratory tract, the eyes and the epidermis. They can harm the liver, the kid-
ney and the central nervous system. Some chlorinated solvents are suspected and / or known 




1.6.1 Tetrachloroethylene (PCE) 
PCE is a colorless, ethereal non-combustible, volatile liquid at standard conditions. It causes 
acute or chronic health hazards and is hazardous to the aquatic system (Pozzani et al., 1959). 
The main intake pathways for PCE are via the respiratory tract or through the skin. Inhaled 
PCE reaches the blood via the lung and it is easily absorbed via the intact skin. Acute toxic 
effects are irritation of the mucous membranes and skin, disturbance of the central-nervous 
system and damage to the liver and the kidneys at high exposure rates. Chronic toxic effects 
comprise disturbances of the central-nervous system as well as functional disturbances of the 
liver and the kidneys. In poisoning cases, drunkenness, unconsciousness, motoric, sensory and 
tropic disturbances to the extremities, symptoms in the airways (cough, dyspnoea), collapse 
and signs of damage to the liver and kidneys were also registered. PCE is suspected to cause 
a risk of impairment of the reproductive capability and the development of the embryo or 
fetus. Moreover, it is potentially cancerogenic, based on studies on rats and mice (Institut für 
Arbeitsschutz der Deutschen Gesetzlichen Unfallversicherung (IFA), 2012) 
1.6.2 Trichloroethylene (TCE) 
TCE is a colorless, sweetish-ethereal non combustible liquid at standard conditions. Main 
route of exposure is via inhalation. It can also penetrate the skin, but is not under suspicion 
to contribute via this intake route to inner exposures at normal conditions. The rate of ab-
sorption via the gastrointestinal tract is high because TCE easily penetrates the mucous 
membranes. Acute toxic effects are irritation of the skin and the mucous membrane, neuro-
toxic effects and disturbances of the heart / circulatory system. Chronic toxic effects com-
prise irritation of the respiratory tract, inflammation of the skin and disturbances of the 
heart functions (Institut für Arbeitsschutz der Deutschen Gesetzlichen Unfallversicherung 
(IFA), 2012). Acute inhalative toxicity includes dizziness, headache, and blurred vision, dis-
turbances to the coordination, confusion, tremor, nausea, vomiting and sleepiness. Addition-
al, cardiac arrhythmia and metabolic changes are possible. In extreme cases, paralysis of the 
respiratory system and the circulatory centre as well as damage to kidneys and liver can 
happen. Oral poisoning can cause coma and death. Principal symptoms of serious oral poi-
soning are: abruptly occurring unconsciousness, cerebral coma, centrally conditioned respira-
tory paralysis, disturbances to functions of the heart (arrhythmia) and liver (Moeschlin, 
1986). Long-term exposure to TCE causes irritation of the airways, headaches, double vision, 
disturbances to the coordination, anxiety, dizziness, weakness and tremor. It can also lead to 
chronic damage to the livers. TCE is cancerogenic.  
1.6.3 Cis-Dichloroethylene (cis-DCE) 
Cis-DCE is a colorless, ethereal, highly inflammable liquid with acute or chronic hazards to 
health and environment. Main route of exposure is the respiratory tract. Acute toxicity is 
caused by irritation of the skin and the mucous membranes, cloudiness of the cornea, sleepi-
ness, dizziness, nausea, ataxia and tremor (Institut für Arbeitsschutz der Deutschen Gesetzli-
chen Unfallversicherung (IFA), 2012). Chronic toxicity covers loss of appetite and weight, 
fattening of liver and kidney and irritation of the gastrointestinal system. Additionally, Cis-
DCE is potentially genotoxic.  
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1.6.4 Vinyl chloride (VC) 
VC is a colorless, sweetish, extremely flammable gas under normal conditions with acute and 
chronic health risk. Main route of exposure is inhalation. Acute toxic effects by contact with 
the under cooled liquefied VC are injuries to the skin and the mucous membranes. Possible 
hazards at high exposure levels to gaseous VC are narcotic effects, depression of the central 
nervous system and functional disturbances of the heart. Chronic exposure causes tissue 
changes of the liver, damage to the skin and disturbance of the blood supply in the hands. 
VC is highly mutagenic and possibly also cancerogenic (Grandel & Dahmke, 2008, Institut 
für Arbeitsschutz der Deutschen Gesetzlichen Unfallversicherung (IFA), 2012) 
1.7 Movement of DNAPLs in the subsoil 
1.7.1 General Principles 
Up to the 1980s it was assumed that the main input of chlorinated solvents into the saturat-
ed zone happened as components dissolved in percolating water, as for example by industrial 
discharge of aqueous waste or by leaching of contaminated soil in the vadose zone (Feenstra 
et al., 1996). During the 1980s, first laboratory experiments exhibited that the main amount 
of chlorinated solvents occurred as distinct phase in the subsoil. Enhancing the investigations 
by additional laboratory studies (Schwille, 1988), field experiments (Poulsen and Kueper, 
1992; Kueper et al., 1993b; Broholm et al., 1999) and model results (Feenstra et al., 1996; 
TeKrony and Ahlert, 1998; Unger et al., 1998; Abriola and Lemke, 2002; Illangasekare et al., 
2002; Abriola, 2003; Gerhard and Kueper, 2003a; b; c; Imhoff et al., 2003; Grant and 
Gerhard, 2004; Kamon et al., 2004; Christ et al., 2005; Enfield et al., 2005; Falta et al., 
2005a; Falta et al., 2005b; Rivett and Feenstra, 2005; Fure et al., 2006; Putzlocher et al., 
2006; Gerhard et al., 2007; Grant et al., 2007; Page et al., 2007; Basu et al., 2008b; a; Christ 
et al., 2009; Yoon et al., 2009; Christ et al., 2010), it is now common knowledge, that chlo-
rinated solvents form blobs, fingers and pools in the saturated zone. Fingers and ganglia are 
vertical percolation path of DNAPLs, whereas pools are long term stored DNAPLs on top of 
impermeable layers, e.g. in depressions. Blobs are singular droplets of phaseous NAPLs, re-
tained in the subsoil by capillary forces. They can also come into existence at the end of 
DNAPL fingers or ganglia, when supply of DNAPL ceases (cf. figure 1.1). DNAPL migration 
in porous media can be subdivided into three different aspects (Feenstra et al., 1996): a) con-
ditions of DNAPL entering the subsoil, b) conditions for DNAPL flow and c) static distribu-
tion in residual saturation after the flow has ceased. 
The entry of DNAPLs into porous media is controlled by capillary phenomena, which are 
caused by the interfacial tensions between two immiscible fluids, the small pore openings and 
the wettability of the system. The wettability of a liquid is caused by its physico-chemical 
properties as viscosity, and depends on the force balance between adhesive and cohesive forc-
es. When the adhesive forces between fluid and medium are much stronger than the cohesive 
forces within the fluid, then the fluid will spread completely on the surface, i.e. it is wetting.  
In the two-phase system water – DNAPL, water will be the wetting fluid and the DNAPL 
will be the non-wetting fluid. Although there are some NAPLs, which are wetting, in general 
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DNAPLs can be considered as non-wetting fluids. In a three-phase system consisting of wa-
ter, DNAPL and air, water is wetting, DNAPL is intermediate wetting and air is non-wetting 
phase (figure 1.4). 
 
 
Figure 1.4 Wettability of the system water – DNAPL – air (after Helmig, 1997) 
The pressure difference at the interface of wetting and non-wetting phase is defined as capil-
lary pressure. The capillary pressure depends on the properties of the fluid, the porous medi-
um and the respective saturation of the involved phases (for details see Chapter 1.6.2). High 
capillary pressure promotes the mobility of non-wetting fluids (as DNAPLs), while low capil-
lary pressure inhibits the penetration of the soil by the non-wetting fluid. In the subsoil, the 
wetting fluid water coats the surface of the grains and fills the smaller pore spaces. When the 
non-wetting DNAPL enters the system, it is restricted to larger openings, because the capil-
lary forces acting between the two fluids suppress the displacement of the wetting fluid by 
the non-wetting fluid. 
The spatial movement of DNAPLs in the saturated zone is governed by the function of den-
sity and viscosity of the DNAPL and its forcing pressure due to its release. In order to move 
in the saturated zone, the DNAPL must overcome the capillary resistance, i.e. the entry 
pressure of the pore throats. The entry pressure is directly proportional to the interfacial 
tension between the wetting and the non-wetting fluid and inversly proportional to the size 
of the pore throat. This means, that the smaller the pore throats are, the more pressure the 
DNAPL needs to enter the medium. Therefore, low permeable material can act as a barrier 
for DNAPLs, if its pressure is not sufficient. The amount of pressure a DNAPL can act on a 
pore throat is a result of its density and mass. In general terms, DNAPL move preferentially 
in permeable medium with larger pore throats and cannot easily enter fine-grained material.  
Highly permeable material, large amounts of DNAPL and high DNAPL saturation will allow 
increased flow rates. DNAPLs will move in the subsoil as long as the driving forces exist, but 
only if the DNAPL is continuously distributed in the interconnected pore space. There it 
forms a separate, interconnected phase immiscible with water. When the DNAPL supply 
ends, because the source of the spill is removed, the driving forces decrease and the DNAPL 
becomes disconnected in the pore space. As long as the remaining DNAPL can overcome the 
entry pressure of the pore throats, it will continue its movement. Summarized, the rate of 
DNAPL flow depends on density and viscosity of the DNAPL, the pressure driving the 
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DNAPL, the intrinsic permeability of the porous medium and the degree of DNAPL satura-
tion of the pore space. 
When the distributed DNAPL cannot exceed the entry pressure of the pore throats anymore, 
it will remain as not connected, single blobs in the bigger pore spaces, unable to move, form-
ing a static distribution. The amount of remaining DNAPL is called residual saturation and 
depends on the physico-chemical properties of the DNAPL and the permeability of the geo-
logical medium. In soil column experiments, entrapped residual NAPL saturations typically 
range from 5 % to 35 % of the pore space (Wilson et al., 1990; Powers et al., 1992; Powers et 
al., 1994a; Powers et al., 1994b; Bradford et al., 1999). 
Detailed, small scale DNAPL pathways on the scale of centimeters and decimeters are gener-
ally unpredictable (Pankow and Cherry, 1996), even when considerable information on the 
subsurface is available. But the general direction of the DNAPL movement can be calculated 
and predicted, accepting necessary simplification and restrictions in the accuracy of the sce-
narios. 
1.7.2 Mathematical-physical principles of multiphase flow 
1.7.2.1 Representive Elementary Volume and Continuum – Theorem 
The physical and mathematical processes, which govern the movement of immiscible fluids in 
the subsoil, happen on different scales. On the one hand, molecular forces determine the 
physical properties of the fluid, as density, viscosity, diffusion, surface of grains etc. Most of 
the parameters needed for calculations on micro scale are hard to obtain, because of the 
complexity and heterogeneity of the subsoil system. On the other hand, the general distribu-
tion and movement of phases happens on a macro scale, which takes into account the distri-
bution of pore spaces and the slope of impermeable layers. Macroscopic acting forces are for 
example hydraulic head and constant of gravitational acceleration. Parameters of interest can 
be derived as an average over a specific volume (Helmig, 1997), which represents all aspects 
of the subsoil. This specific volume is called Representative Elementary Volume (REV). 
When the chosen volume is too small, specific features of the subsoil will be missed, because 
either only phase or only grains or a not representative mixture of both will be present in the 
volume. When the REV is chosen too large, it is possible to unwillingly include heterogenei-
ties of the subsoil, e.g. fractures and stratigraphic boundaries, which are not aim of the inves-
tigation.  
For example: A volume of sandy aquifer should be modeled. If the chosen REV is too small, 
only one single sand grain in contact with its wetting phase is represented (figure 1.5). If the 
chosen REV is too big, heterogeneities as the underlying fractured limestone or stratigraphic 
boundaries are included and flow behavior may change. If the REV is chosen correctly, all 
investigated phases will be present in a typical distribution pattern and flow behavior can be 
investigated. It is only possible within the REV to describe the distribution as well as the 
absolute and relative amount of phases present. Within the REV, the subvolume % (satura-
tion of phase *) is the ratio of the pore volume filled with phase * and the total available 
pore volume in the REV. Additionally, the investigated space has to be considered as a con-
tinuum (Helmig, 1997). The Continuum-Theorem calls for a hypothetic continuous distribu-
tion of all the phases in the porous medium (figure 1.6). The separate phases can then be 
described by continuously differentiable functions of time and place. By applying the REV 
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and Continuum-Theorem it is possible to mimic the system on the macro scale with neglec-
tion of the micro scale, to calculate the investigated parameters mathematically and to meas-
ure the parameters macroscopically, e.g. in the laboratory.  
 
 
Figure 1.5 Principle of the representative elementary volume (Helmig, 1997) 
 
 
Figure 1.6 Continuum-theorem (Helmig, 1997) 
1.7.2.2 Multiphase extension of Darcy´s Law 
Darcy´s Law governs the single fluid flow of water through porous medium. It is a one-fluid 
flow equation for water, based on laboratory experiments and on observations of the water 
supply of the city Dijon, France (Darcy, 1856): 
+  		,	 -.-/  (1.1) 
Where 
Q   Volumetric discharge    Hydraulic conductivity 
A   Cross-sectional area 
dh/dl   Gradient of hydraulic head 
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It can also be expressed in terms of specific discharge or Darcy flux q, which is the volumet-
ric discharge Q, divided through the cross-sectional area A: 
 
0  	+,  		 -.-/  (1.2) 
When several immiscible fluids are present, they influence each other in their flow behavior. 
Therefore Darcy´s law needs extension for multiphase flow in order to calculate flow of each 
fluid correctly. By introducing the term of relative permeability and considering the physical 
properties of the respective fluid *, the Darcy Flux for each fluid can be calculated (Pruess et 
al., 2002):  
 

 	$	0  			 $ 	12  $3 (1.3) 
Where 
   Darcy flux of phase β [m/s] $   Density of phase β [kg/m³]    Intrinsic permeability of the material  [m²]    Relative permeability to phase β [-]    Dynamic viscosity of phase β [Pa s]    Fluid pressure in phase β [Pa]    Gravitational acceleration [m/s²] 
 
The intrinsic or absolute permeability of the material is an intensive property that is a func-
tion of the material structure only and is not dependent on the pore space filling phase. It 
can be calculated from hydraulic conductivity 45 with respect to water (w) by 
 
   $! 	!  (1.4) 
The fluid pressure  consists of the pressure  in the reference phase and the capillary pres-
sure   between the involved fluids. Therefore 
 
   6	  (1.5) 
1.7.2.3 Capillary pressure – saturation function (Pc – S) 
Capillarity on the macro scale depends directly on the saturation of the wetting and the non-
wetting fluid. For each set of fluids and solid phase, there is a critical capillary pressure val-
ue, at which infiltration of the non-wetting fluid can start. This so-called entry pressure has 
to be overcome by the DNAPL in order to infiltrate the subsoil and displace the wetting 
phase water. The capillary pressure takes into account the surface tension of the phase, 
which depends on the temperature and the chemical properties of the fluids, the diameters of 
the pores and the distribution of the pore space. Therefore, the capillary-pressure function is 
a unique set for each combination of phases and materials. Because of this complexity, it 
cannot be determined analytically, but is established by several derived functional correla-
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tions based on laboratory experiments, which were verified over the last decades. The most 
commonly applied correlations for capillary pressure and saturation are the formulation of 
Brooks and Corey (1964) and Van Genuchten (1980) for the two phase system gas (air) – 
water and of Parker et al. (1987) for the three-phase-system water-NAPL-gas: 
Brooks & Corey (1964) based their formulation on the pore space geometry and assume that 
the capillary pressure has to be larger than the entry pressure in the respective system for 
infiltration of the non-wetting fluid. For   ≥ #: 
 




where %&	   Effective saturation [-] %!   Water saturation [-] %!   Residual water saturation [-] #   Entry pressure [Pa]    Brooks & Corey scaling parameter [-], generally 0.2 <  	< 3  
(Helmig, 1997) 
 
The lambda  introduces the sorting of the grains. Small  are applied for well-sorted or 
single grain size material, whereas big  take into account non-uniform grain sizes and poor 
sorted material. Whereas Van Genuchten (1980) stated that infiltration can take place as 
soon as   < 0 (figure 1.7). 
 
%&	4 5  	%! 	%1  %! 	 >1 6 1 3?@A
(?@ (1.7) 
where %   Saturation of non-wetting phase [-]  ,  , Van Genuchten scaling parameters [-] 
 
 
Figure 1.7 Capillary pressure – saturation relation by Brooks & Corey and by Van Genuchten (Helmig, 1997) 
1 Introduction 
18 
Parker et al. (1987) extended the formulation of Van Genuchten to the three phase system 
water – NAPL – gas. They considered the minimum or irreducible saturation %( of a porous 
medium as stable and immobile and not as part of the effective pore space. The minimum 
saturation is the amount of wetting phase, which cannot be removed from the soil. Therefore 
it has to be regarded as solid phase and not as part of the open pore space or the available 
fluid phases. Thus, the effective water saturation %! in a fully water saturated system is: 
 
%! 	1%!  %(311 	%(3  (1.8) 
The total effective liquid saturation %' is accordingly: 
 
%' 	 1%! 6 %  %(311 	%(3  (1.9) 
Based on the concept of minimum saturation %(, the capillary pressure in the NAPL – water 
system can be calculated by: 
 
 	! 	 	"! 	 	" (1.10) 





 	"! 		 $!! C4%!5
DEF  1G





where %!   Effective water saturation [-] %(   Minimum / irreducible wetting saturation [-] %'   Effective liquid saturation [-]  	!   Capillary pressure between NAPL – water [Pa]  	"!   Capillary pressure between gas – water [Pa]  	"   Capillary pressure between gas – NAPL [Pa] $!   Density water [kg/m³]  ,  ,  Parker scaling parameters with   1 	  [-]    Magnitude of gravitational acceleration [m/s²] ), ,   Annotations for wetting (w), non-wetting (n) and gas (g) 
 
1.7.2.4 Relative permeability – saturation function (kr – S) 
The permeability for varying phases differs in a medium. On the one hand due to viscosity 
and density of the fluids – and thus the capillary pressure – , on the other hand due to 
changes in the effective pore space the respective phase can enter. 
Assume a porous medium with water and NAPL present: Part of the pore space will be filled 
with water and part of it will be filled with NAPL. The presence of water hinders the mobili-
ty of NAPL and vice versa. Therefore, the permeability for a given phase depends on the 
saturation of the phase. The dependency between permeability and saturation can be de-
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scribed by introducing the term of relative permeability. The hydraulic conductivity  ac-
counts for the viscosity and density of the respective fluids and the adhesive forces at the soil 
surfaces. For a given multiphase system, the hydraulic conductivity is defined as 
 
   $  (1.13) 
for all water saturations with: 
 




where    Relative permeability for phase *, depending on saturation of the respective  
fluid [-]    Intrinsic permeability, solely dependent on soil material [m²]    Effective permeability for the given phase * in the respective medium [-] 
 
According to Helmig (1997), the most common used formulations for the functional correla-
tion between saturation and relative permeability are the works of Brooks & Corey (1964) in 
combination with the theorem of Burdine (1953) and of Van Genuchten (1980) in combina-
tion with the theorem of Mualem (1976) for two - phase system water and non-wetting gas: 
Brooks & Corey – Burdine: 
! 	%&LMNO:;O  (1.15) 
 	 11  %&3	 71  %&LO:;O:; 8 (1.16) 
where     Brooks& Corey scaling parameters of formula 2.7 [-] ),     Annotations for wetting (w), non-wetting (n), here: gas 
Van Genuchten – Mualem: 




 	 11  %&3S?@T 71  %&
EF?@8	(?@ (1.18) 
where     Van Genuchten scaling parameter of formula 2.8 [-] ),     Annotations for wetting (w), non-wetting (n), here: gas ,    Mualem parameters describing connectivity of the pores,  
    in general   	 	 and   	  (Kueper and Frind, 1991) 
Stone (1970) developed a modified version for the relative permeability in a three-phase sys-
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%  1  %"  %! (1.22) 
where    Stone scaling parameter [-] 
 
Pruess et al. (2002) modified Stone´s formulation in order to improve numerical stability, 
when using the TOUGH2 code for simulations: When the NAPL - saturation drops to values 
close to the irreducible NAPL saturation of  
 
% I % I % 6 0.005 (1.23) 
the relative permeability is assumed to be: 
 
´   %  %0.005  (1.24) 
The varying functions for Pc – S and kr – S are implemented in the numerical multiphase 
solver TMVOC and can be chosen according to investigated issue. The multiphase investiga-
tions performed in this thesis were calculated based on the formulation of Parker et al. 
(1987) for Pc – S and of Stone´s (1970) modified version by Pruess et al. (2002) for kr – S. 
1.7.3 Influence of heterogeneities of the subsoil 
Heterogeneities in the subsoil are caused by varying grain size distribution of the sediment. 
Layers and areas with dominant fine grained material will form naturally occurring capillary 
barriers for the percolating DNAPL, hindering its vertical movement (Kueper et al., 1989; 
Wilson et al., 1990; Kueper and Frind, 1991; Poulsen and Kueper, 1992; Kueper et al., 1993a; 
Dekker and Abriola, 2000). Varying grainsizes influence the relative permeability of the wet-
ting and the non-wetting fluid (figure 1.8). Bradford et al. (2003) showed that intrinsic and 
relative permeability of the subsurface have a strong influence on the spatial distribution of 
NAPLs by affecting the historic maximum NAPL saturation. Decreasing the NAPL conduc-
tivity leads to higher NAPL saturations and, consequently, enhances NAPL retention 
(Bradford et al., 2003). Studies of Brusseau et al. (2000) indicate that non-uniform NAPL 
distribution, physical heterogeneity, and associated non-uniform flow significantly influenced 
the magnitude and location of NAPL dissolution. Simulation results of Lemke et al. (2003) 
suggest that varying sets of spatial variability in aquifer parameters strongly influence the 
entrapment of DNAPLs. Up until now, the greatest challenges in the simulation of DNAPL 




Figure 1.8 Curves of relative permeability – saturation for varying grain sizes (after Helmig, 1997) 
subsoil and b) the numerical stable implementation in existing modeling software. Due to 
these challenges, all conducted scenarios including heterogeneities up until now are laborato-
ry- to box-scale (Fagerlund, 2006) and / or 2D models (Mayer and Miller, 1996; Dekker and 
Abriola, 2000; Bradford et al., 2003; Yang et al., published online 2012) and / or 3D models 
with a maximum volume of 15 x 10 x 10 m (Parker and Park, 2004; Liang and Falta, 2008). 
1.7.4 Influence of groundwater flow 
The influence of groundwater flow on DNAPLs has been investigated in detail over the last 
decades. But the investigations govern mostly questions of dissolution behavior and conse-
quently longevity of source zone and mass load. Currently it is well–known that the ground-
water flow velocity significantly influences the dissolution behavior of NAPLs (Page et al., 
2007; Miles et al., 2008b). Moreover, the orientation and geometry of the DNAPL source 
zone impacts the dissolution behavior significantly (Sale and McWhorter, 2001). Parker and 
Park (2004) concluded from their 3D modeling that heterogeneities in groundwater velocity 
and DNAPL distributions lead to field scale mass transfer coefficients that are much lower 
than laboratory-scale values. The influence of varying groundwater flow velocities on the 
cessation time of a DNAPL body in a heterogeneous aquifer on top of an impermeable, tilted 
aquitard was investigated by Gerhard et al. (2007) by multiphase modeling: The timescale 
for reaching static distribution in the subsurface directly depends on the encountered 
groundwater flow velocity.  
Dekker and Abriola (2000) analyzed the sensitive parameters for DNAPL distribution in the 
subsoil, statistically comparing the impact of heterogeneous distribution of permeability, spill 
amount and time and groundwater velocity. They concluded that groundwater flow velocity 
is not among the most sensitive parameter in their investigation compared to the other as-
pects. But their maximum flow velocity investigated only comprised groundwater flow veloci-
ties slower than 1 m/d. 
Because most of the investigations are performed on 2D and / or small scale due to re-
strictions of the applied numerical simulation software, it is still unknown, which impact en-
hanced groundwater flow will have on the travel pathway and final position of a DNAPL in 
the subsoil at a field scale. Moreover, it is still discussed, whether high hydraulic pressure 




2.1 Applied software 
2.1.1 Multiphase modeling software TMVOC 
TMVOC is a commercially available numerical simulator for multi-component, multiphase 
flow and dissolution processes of gases, water and volatile organic compounds. It is based on 
the TOUGH2 - code (Pruess et al., 2002) and includes the possibility to simulate the behav-
ior of water, gases and NAPLs at non-isothermal conditions. It is especially designed for han-
dling challenges of environmental contamination scenarios, such as spill of contaminations, 
their free phase distribution pattern, dissolution and retardation processes as well as simpli-
fied half-life biodegradation.  
It is available as FORTRAN 77 – based source code (Lawrence Berkeley National 
Laboratory, 2012) or integrated as pre-compiled executable in the graphical user interface 
PetraSim (Thunderhead Engineering, 2011). In this study, the PetraSim version was applied.  
TMVOC can model any combinations of the three phase system water – NAPL – gas with 
varying composition of several components. Necessary assumptions are that the phases are in 
local equilibrium and that no chemical reactions happen except interphase mass transfer, 
adsorption to the solid phase, and biodegradation of the dissolved contaminant. The inter-
phase mass transfer can be modeled as evaporation, boiling, dissolution into the aqueous 
phase, condensation of gaseous organic chemicals to form NAPL phase, and equilibrium 
phase partitioning of the organic contaminant between the three phases. The chemical prop-
erties of the modeled NAPL as well as their transport behavior are computed with a very 
general thermodynamical formulation (Lawrence Berkeley National Laboratory, 2012), which 
applies the semi-empirical corresponding state methods. The parameters of the chemicals are 
calculated as functions of their critical properties, e.g. critical temperature and pressure. 
Tabulated values for most chemicals are available by Poling et al. (2007). Porosity may 
change as a function of fluid pressure and temperature, using simple concepts of pore com-
pressibility and expansivity (Lawrence Berkeley National Laboratory, 2012). Several func-
tions of Pc – S and kr – S formulations are pre-installed in PetraSim, which can be chosen 
and / or adapted by the user. 
For the mathematical-physical implementation of the various general processes of phase han-
dling, the reader may be referred to the user manual TMVOC, A Numerical Simulator for 
Three-Phase Non-isothermal Flows of Multicomponent Hydrocarbon Mixtures in Saturated-
Unsaturated Heterogeneous Media by Pruess and Battistelli (2002). 
Unfortunately during the application of the software it came to attention that several main 
features were not implemented in the PetraSim-version yet. Creating realistic subsurface 
morphology, as conducted for Chapter 6 is only possible since Petrasim v5.1.2020, which was 
released in a working, stable version in 2010. Bugfixes for PetraSim are released at least once 




Additionally, the numerical convergence of the simulations is still handled based on the 
FORTRAN 77 code and the typical computer performance, which was available, when the 
TOUGH code was written in 1987 (Lawrence National Berkeley Laboratory, 2012):  
TOUGH2 and thus TMVOC includes an internal criterion of convergence, which will abort 
any simulation, if the calculated results are within the relative and absolute error criteria for 
two consecutive iterations and if the following iteration exceeds the error criteria. Up until 
now, the only way of handling the internal convergence criterion is to adjust the relative and 
absolute error criteria, which can lead to excessive runtimes (figure 2.1). 
 
 
Figure 2.1 Typical runtime of simulations of the two-phase system NAPL-water in TMVOC in dependancy of 
discretization of model domain 
2.1.2 Geological modeling software GMS 
For the geological modeling of the field site Rho the commercially available software GMS – 
Groundwater modeling system (Aquaveo, 2012) was applied. GMS is a graphical user inter-
face for performing groundwater simulations. Its modular system allows the integration of 
various groundwater flow and transport analysis codes, e.g. MODFLOW, UTCHEM, PEST 
and more, but integration of TMVOC is not yet possible. Easy integration and handling of 
borehole data sets, spatial information, elevations and surface maps are the basis for 3D 
structural geological modeling of an area. 
The primary data of the available boreholes was used as input for GMS combined with an 
actual areal picture of the area provided by La Sapienza Rome. The structural-geological 
model of Rho, which was modeled with GMS, had to be data converted to the input format 
of TMVOC, in which groundwater flow and NAPL transport were calculated. 
2.2 Primary Data 
The following subchapters include the detailed description of the available and applied pri-
mary data. The information is also partly included in the publications in the follogwing chap-
ters and the data is attached electronically in the Annex. 
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2.2.1 Laboratory experiments for calibration of the multiphase model 
Primary data for the calibration of the models was provided by Antonella Luciano, Marco 
Petrangeli Papini and Paolo Viotti of La Sapienza University Rome. Luciano et al. conducted 
in the years 2009 - 2010 three laboratory experiments in order to investigate the DNAPL 
behavior at high groundwater flow velocities. They generously shared their data, so that it 
was possible to calibrate the multiphase model to the documented spreading behavior of the 
DNAPL in the laboratory experiment. 
This study is published as Luciano et al. (2010) "Laboratory investigation of DNAPL migra-
tion in porous media" In the Journal of Hazardous Materials. All data presented in the fol-
lowing chapters are property of Antonella Luciano, Marco Petrangeli Papini and Paolo Viotti 
of La Sapienza University Rome. 
 
Experimental set-up 
The experimental set-up consisted of a 2D aluminium tank of 1.40 m length, 0.12 m width 
and 0.70 m height with a glass panel in front for observation (figure 2.2). The tank was sub-
divided into three parts: a) left inflow chamber, separated by stainless steel mesh from b) 
main chamber of investigation, separated with stainless steel mesh from c) right outflow 
chamber. Both flow chambers were filled with coarse grained gravel, while the main chamber 
was filled with two grain sizes of artificial porous media (glass beads, table 2.1) up to a 
height of 0.60 m. The fine grained SAND2 was used to install two impermeable lenses within 
the overall filling of the coarse grained SAND1. 
 
 







Table 2.1 Material parameters of the artificial porous media (provided by Luciano et al., 2010) 
 SAND1 SAND2 
Diameter of glass beads [mm] 0.4 - 0.8 0.1 - 0.2 
Porosity 0.388 0.373 
Density [kg/m³] 2500 2500 
Bulk density [kg/m³] 1530 1570 
Intrinsic permeability, horizontal [m²] 2.4×10-10  (a) 8.5×10-15  (b) 
Intrinsic permeability, vertical [m²] 1.94×10-10  (a) 8.5×10-15  (b) 
a)Calculated by means of Darcy´s law and hydraulic permeability 
(b)No measurements, iteratively fitted during calibration process of the model 
 
Because of the high toxicity of TCE, the non-toxic substitute HFE-7100 (3M, 2005; 2008) 
was used. HFE-7100 features almost identical physico-chemical properties as TCE (table 2.2) 
and is well established as TCE substitute in laboratory experiments (Manzello and Yang, 
2002; Lee et al., 2004). 
 
Table 2.2 Physico-chemical properties of HFE-7100 and TCE 
Property HFE-7100 TCE PCE 
Chemical formula C4F9OCH3 C2HCl3 C2Cl4 
Relative density [kg/m³] 1500 / 1480 (dyed) 1464 1630 
Relative viscosity [cP] 0.60 00.59 0.54 
Surface tension [mN/m] 13.60 29.30 32.86 
Interfacial tension [mN/m] 35.59 34.50 44.40 
Vapour Pressure [kPa] 28.00 07.73 2.50 
Water solubility [ppm] 12.00 11.00 1.40 
 
A total amount of two liters (3.05 kg) of HFE-7100 was infiltrated below the water table 
with constant hydraulic head, causing variable seepage velocities in the three conducted ex-
periments. The spreading behavior of HFE-7100 was photo-documented and analyzed using 
an innovative image processing technique. Calculated mass balances showed an error less 
than 0.6 % (Luciano et al. 2010) . 
The time frame and boundary conditions of the conducted experiments are listed in table 2.3. 
 
Table 2.3 Boundary conditions of the laboratory experiments (Luciano et al. 2010) 
 Experiment 1 Experiment 2 Experiment 3 
Groundwater pore velocity vw (m/d) 0.00 21.25 40.86 
Infiltrated amount of HFE-7100 (kg) 3.05 3.05 3.05 
Infiltration rates in the calibration model (kg/s) 5.08 × 10-4 8.13×10-4 1.90×10-3 
Seepage / infiltration time (s) 5905 3690 1580 
Observation time after deactivation of infiltration = 
spreading time (s) 
10217 1890 4325 
Total time of experiments and models (h) 4.48 1.55 1.64 
 
 







2.2.2 Literature study / historical site investigation 
2.2.2.1 Geology and hydrogeology 
The Rho region is geologically characterized by quarternary alluvial and glaciofluvial sedi-
ments with widely varying grain sizes. Three hydraulic units of interest are present at the 
former industrial site Chimica di Bianchi, Rho:  
An upper unconfined aquifer called Superficiale, an aquitard and a deeper confined aquifer 
called Prima Falda. The thicknesses of these hydraulic units range over several meters in the 
available literature. Figure 2.3 illustrates the variability documented in several studies on the 
site. For each author, minimum and maximum values for thickness of the respective hydrau-
lic layer are drawn. 
 
 
Figure 2.3 Minimum and maximum thicknesses of hydraulic units at Rho, based on values provided in litera-
ture (Beretta et al., 2005; Bozzano et al., 2007; Leccese et al., 2007; Werban et al., 2007; Cardarelli 
and Di Filippo, 2009; Pedretti et al., 2012) 
 
 
Mean values would be an approximated thickness of ca. 8.5 m for the upper most aquifer 
Superficiale, a thickness of ca. 3 m for the aquitard and a thickness of 31 m for the Prima 
Falda. Geological properties of the varying hydraulic units (table 2.4) are only described by 
Beretta et al. (2005), Bozzano et al. (2007) and Leccese et al. (2007). Bozzano et al. (2007) 
stated furthermore that stratigraphic logtest for both aquifers exhibited huge lithological 
variety in vertical and horizontal direction, without mentioning specific values, but supplying 
relative values for logK – distribution. 
The uppermost unconfined Superficiale consists of a mixture of gravel, sand and lenses of 
silty sand and clay, with a layer of anthropogenic filling (Werban et al. 2007, Pedretti et al. 
2012), assumingly bricks and construction material. The following aquitard is described as an 
interupted clay layer by Leccese et al. (2007), Pedretti and Masetti (2009), Pedretti et al. 
(2012)and Werban et al. (2007) at the local scale of the industrial area. 
But due to Bozzano et al. (2007) it has to be assumed, that the aquitard is continuous in the 
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Table 2.4 Hydrogeological parameters at the Rho Site based on literature studies (Beretta et al., 2005; Bozzano et 
al., 2007; Leccese et al., 2007) 
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area of Chimica di Bianchi, but missing north east of the industrial area, creating a hydraulic 
connection between the aquifers Superficiale and Prima Falda on regional scale. The thick-
ness of the aquitard ranges between 0.5 m (Beretta et al., 2005; Werban et al., 2007) and a 
few meters (Bozzano et al., 2007). The deeper aquifer Prima Falda is described to be similar 
in its geological composition to the Superficale, but to reach a thickness of 35 - 45 m. Accord-
ing to Bozzano et al. (2007)Prima Falda is even ten times thicker than the aquifer Superfi-
ciale, which would result in a mean thickness of 55 – 90 m.  
Hydraulic conditions are described with a general groundwater flow from NNW to SSE for 
the Superficiale and from NNE to SSW for the Prima Falda in Bozzano et al. (2007) and 
Beretta et al. (2005). Whereas Cardarelli and Di Filippo (2009) describe a general groundwa-
ter flow direction in Prima Falda from NE to SW. Leccese et al. (2007) state that general 
groundwater flow direction is assumed to be NW to SE without mentioning of the respective 
aquifer. But it is fitting to assume that this statement refers to the aquifer Superficiale. 
 
2.2.2.2 History of contamination and remediation actions 
The industrial facility Chimica di Bianchi mainly produced dyes over a time period of at 
least 70 years (Leccese et al, 2007). It was registered from 1907 - 1979 as Societa Chimica 
Bianchi. In the beginning they produced only ink and glue with approximately 1500 tons per 
year. Production of industrial dyes followed shortly after (no year available) with equal and 
higher production rates in later years (personal communication M. Petrangeli Papini and P. 
Viotti). First evidence of contaminations with chlorinated solvents, as PCE and TCE, were 
documented in the late 1970s (Pedretti et al., 2012). The most probable leakage point seemed 
to be a former disposal basin of 10 m x 10 m, leading to a contamination of up to 180 mg/l 
TCE and 50 mg/l 1,1,2,2-tetrachloroethane as dissolved phase in the underlying aquifers 
(Leccese et al., 2007; Werban et al., 2007).  
The supposed main source of contamination was encapsulated immediately (Pedretti et al., 
2012) or in 1982 (Leccese et al., 2007). According to Perdetti et al. (2012) the method of en-
capsulation was the installation of vertical slurry cut-off walls around the former disposal 
basin, meanwhile Bozzano et al. (2007) describe the installation of an impermeable annular 
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diaphragm. Impermeable steel piling walls are also mentioned (personal communication M. 
Petrangeli Papini, P. Viotti). But all authors agree on the footing of the system in the aqui-
tard between Superficiale and Prima Falda. The exact position, installation method and ma-
terial composition of the encapsulation system are not documented in the literature, but Boz-
zano et al. (2007), Leccese et al. (2007) and Pedretti et al. (2012) suspect an increasing con-
ductivity of the assumed impermeable encapsulation system. 
Due to Perdetti et al. (2012) the encapsulation system was never coupled with any other 
kind of remediation system until the installation of a hydraulic barrier in the year 2006, be-
ing consistent with personal communication with M. Petrangeli Papini and P. Viotti. 
The 2006 installed hydraulic barrier consists of 19 wells in row, 375 m to the SSE of the for-
mer industrial area. Fifteen of the wells are only connected to the aquifer Superficiale. Four 
wells should only have been installed in the aquifer Prima Falda, but possibly have an addi-
tional connectivity to Superficiale. Currently only two wells operate at the former industrial 
site. The approximate pumping rate is 1.61 m³ per day (personal communication M. Pet-
rangeli Papini and P. Viotti; La Sapienza, Rome). One of the wells operating is not even part 
of the well arch but is positioned closer to the encapsulation system.  
In 2007 an almost stable high concentration of 110 - 180 mg/l TCE in the deeper aquifer 
Prima Falda was confirmed by monitoring data over the previous fifteen years (Leccese et 
al., 2007; Pedretti et al., 2012), whereas the shallow aquifer Superficiale showed quite low 
concentrations. This would imply a still functioning lateral impermeable encapsulation, but 
also an enhanced or artificially created vertical conductivity at the former source zone, which 
Pedretti et al. (2012) assumed due to numerical modeling of seepage and groundwater flow 
between encapsulation system and aquifers. 
Cardelli and Di Filippo (2009) conducted several 2D and 3D measurements applying electri-
cal resistivity and induced polarization tomography at the site. Their data exhibits anomolies 
in the subsoil which indicate the possible presence of DNAPLs in depth of 15 – 18 m bgs. to 
the SW of the former source zone, which would locate them in the deeper aquifer Prima Fal-
da. 
2.2.3 Borehole data set of former site investigation campaigns 
The borehole data set was provided by Antonella Luciano in 2010 in an Italian and 2011 in 
an English version. It is compiled as MS Access data base, containing gathered borehole and 
well information from the following sources:  
Acquedotto Comunale, Acquedotto di Rho, Acquedotto Pregnana Milanese, AGIP Petroli 
S.p.A., AGIP Raffinazione S.p.A., AMSA, Bogophane S.p.A., Cambiaghi S.p.A., Centro 
commerciale, Comune di Rho, Costruzioni Meccaniche di Rho, COVENGAS, Cromatura 
Rhodense s.r.l., Ditta Bogophane S.p.A., ditta Maestri Ernesto, EDAM s.r.l., Edera Immo-
biliare s.r.l., Elf Atochem Italia s.r.l., Estrazioni Lapidei Bossi, Ex-Chimica Bianchi, Ex-
Chmica Bianchi, FIAT Auto S.p.A., Fosfantartiglio LEI, Fosfantartiglio S.p.A., Foster 
Wheeler, Hydron Italia, I.CO.SEM., Industria ISA SAVA, Montecatini Edison Milano, 
Ospedale di Rho, Panificio Pastori, PIBIGAS - Idrocarburi ed Affini S.p.A, Pozzo in Cer-
chiate, Provincia di Milano, Regione Molinello, Salumificio Citterio, SNAM, Società Chatil-
lon, Spett. Cont. Scheibler in Gallarati Scotti, Stabilimento M.T.M., Tintoria Bonecchi, Un-
ione Manifatture Nerviano, Università La Sapienza, Viallaggio Paolucci. 
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The database contains 296 wells and includes information about: 
− Name of well / borehole and owner 
− Coordinates of wells in Gauss-Boaga coordinate system 
− Occasional data available: 
− Description of geological material  
− Classification of geological material based on Unified Soil Classification Sys-
tem (ASTM, 2011) 
− Top and Bottom elevation of geological units  
− Name of the hydraulic units (Superficiale, Aquitard, Prima Falda, Aquitard, 
Secunda Falda, Terza Falda) for 160 boreholes 
− Transmissivity 
− Water table elevation and date of measurement (2004, irregular interval be-
tween 2004 – 2006) 
− Monitoring values of tetrachloroethane (TeCA), TCE, dichloroethane (DCA), 
CA, PCE, TCE, cis-DCE, t-DCE, VC, ethane, methane, sum of chlorinated 
solvents, pH, conductivity, temperature, dissolved oxygen, oxida-
tion / reduction potential, turbidity, chloride, nitrate, sulfate, chemical oxygen 
demand, Fe2+, Fe3+, Fetotal, sulfide (sparse or no data before 2001, irregular in-
terval between 2001 – 2007) 
− depth and date of samples (sparse or no data before 2003, irregular interval 
between 2003 – 2007) 
The contained information differs in level of accuracy. Over 50 % of the boreholes only con-
tain incomplete geological descriptions. Additionally 10 % of the remaining boreholes only 
reach a depth of 1 m. Therefore only 161 boreholes were applicable to the geological model-
ing, resulting in an average data density of nine boreholes per square kilometer (figure 2.4).  
For the hydraulic 3D models, only 129 boreholes contained information about the hydraulic 
units at the site, resulting in an average data density of seven boreholes per square kilometer 
(figure 2.5). 
Moreover, the distribution of the aquitard between Superficiale and Prima Falda which is the 
funding for the encapsulation system is only documented in four of the total amount of 296 
boreholes. Additionally, measurements of water table elevation and of hydrochemistry are 
only available for some wells and only for the time period 2004 – 2007 in best cases.  
The provided data was used to obtain the structural geological model of the field site, to de-
duct properties as porosity and hydraulic conductivity and to calibrate water table elevation 
of the unconfined aquifer Superficiale. 
Additionally to the MS-access database of the primary data, master students of Paolo Viotti 
and Antonella Luciano conducted a Modflow model of the area of the former industrial site. 
The Modflow model includes the spatial distribution of the three relevant hydraulic units 
Superficiale, aquitard and Prima Falda. The distribution files of the ModFlow model were 





Figure 2.4 Position of boreholes (dots) with geological descriptions used for 3D modeling 
 
 




2.3 Structural 3D models of Rho, Italy 
The dimensions of all conducted 3D models are 1.8 km² (figure 2.6) and include the former 
industrial area Chimica di Bianchi in the middle of the domain, the installed wells south-east 
of the former industrial site and the surrounding area by approx. 750 m in each direction.  
 
 
Figure 2.6 Area of interest, overlaid by aerial picture (adapted from Google Earth, 2010), coordinates in 
Gauss-Boaga, extension of all conducted structural, geological and hydraulic models 
Based on the available primary data, three different models of the subsurface of Rho were 
created. Main focus in all models was set on the distribution of the aquitard at the field site, 
its position in depth and its spatial shape, assumed as barrier and hindrance for the DNAPL 
movement. 
2.3.1 Model 1 – Structural hydraulic 3D model based on layers of the 
Modflow –model 
The first model is the reconstruction of the Modflow-Model of La Sapienza Rome. For Mod-
flow modeling, it was assumed that the three relevant hydraulic units are omnipresent in the 
area (figure 2.7). The three units Superficale, Aquitard and Prima Falda dip from north to 
south by approx. 0.4 %. Average thicknesses are ca. 7 – 9 m for Superficiale, 1 – 8 m for the 
aquitard and approx. 45 m for the deeper aquifer Prima Falda. While the top of Superficiale 
shows only minimal morphology, the top of the aquitard is characterized by trenches and 
depressions. The first trench elongates from NW to SE through the former industrial site. 
The second trench with E – W orientation interconnects below the industrial site with the 
first one and forms a depression basin directly below the former disposal bassin (figure 2.8). 
This bassin is separated from the first trench in south eastern direction by a small ridge with 
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a relative height of 4 m compared to the trench. The northern half of the aquitard forms a 
slight plateau, caused by the east-west trench (figure 2.9). The morphology of the top of the 
deeper aquifer Prima Falda partly follows the topography of the aquitard, inversely showing 
the main features of trenches and depressions.  
 
 
Figure 2.7 Perspective view of Modflow model, all hydraulic units, z-magnification 1 :  25 
 
 




Figure 2.9 Topographic surface map in perspective view of top of aquitard of model 1 – Modlfow layer based, 
z-magnification 1 : 25 
The Modflow-based model is a first, very rough approximation of the subsurface of the area 
Chimica di Bianchi. Hydraulic connections created by erosion of the aquitard are not defined 
by restricted extension of the Aquitard-layers, but later on implemented by adjustement of 
the permeability in the Modflow model. In order to identify gaps in the aquitard as well as 
its resulting topography, Model 2 was set up, using the available information about hydraulic 
units included in the borehole data base. 
2.3.2 Model 2 – Structural hydraulic 3D model based on boreholes 
The primary data for the second model was the included hydraulic characterization of the 
geological material of the boreholes. In the data base, four aquifers are characterized as Su-
perficiale, Prima Falda, Seconda Falda and Terza Falda. Information about thickness and 
depth of bottom of the aquifers allow the calculation of the presence and the resulting depth 
position and thickness of the seperating aquifers. Depending on the predefined handling of 
missing data points, two varying results were calculated. The first model allows to represent 
missing points implicitly, which results in an almost omnipresent aquitard, which is charac-
terized by varying missing spots (figure 2.10). Northeast of the industrial area, the aquitard 
layer is heightened to 151 m amsl, whereas the deepest location of the aquitard is at 132 m 
amsl. Within a distance of ca. 400 m south of the industrial area there is a north-south elon-
gated trench in the aquitard (figure 2.11), which would probably create a preferential flow 




Figure 2.10 Topographic surface map of top of aquitard of model 2 - version 1 
 
 
Figure 2.11 Topographic surface map in perspective view of top of aquitard of model 2 - version 1, 
z-magnification 1 : 25 
Version 2 of the structural hydraulic model was defined as only applying the available data 
points of the borehole database. As result, the distribution of the aquitard is much more re-




Figure 2.12 Topographic surface map of top of aquitard of model 2 - version 2 
 
 
Figure 2.13 Topographic surface map in perspective view of top of aquitard of model 2 - version 2, 
z-magnification 1 : 25 
Due to the sparse distribution of boreholes, the aquitard is not present in the northeastern 
part of the model. To the west and to the south east of the industrial area, an occurrence is 
not proved by data. To the south of the industrial area, the same morphological structure as 
in version 1 is exhibited, forming a north-south elongated depression (figure 2.13). The gen-





2.3.3 Model 3 – Structural geological 3D model based on boreholes 
The third model consists of the geological description and characterization of the borehole 
data set according to USCS. There are 19 USCS classes present in the database overall. The 
geological classes were combined and reduced to four geological materials, based on their 
main components and resulting hydrauclic conductivity: 
− RIP anthropogenic filling 
− TV  green area, vegetation 
− G  gravel with minor amounts of sand, silt and clay 
− S  sand with minor amounts of gravel, silt and clay 
− C  silt and clay, with minor amounts of sand and gravel 
Units G and S represent hydraulic permeable layers, whereas unit C comprises all hydraulic 
impermeable layers. The surface units RIP and TV were not taken into account for the mod-
eling. 
The silt and clay layers form three main units: a raised plateau in the Northwest of the mod-
el domain, an elongated EW- trench through and south of the former disposal bassin and a 
second increased plateau at the industrial area (figure 2.14). 
 
 
Figure 2.14 Topographic surface map of top of aquitard of model 3, on top of surface map of Rho 
Although it may seem like one continuous layer at the former industrial site, it is formed by 
several lenses in varying depth. The layers are overlapping with a depth variance of approx. 
10 m in a stepladder-like system of clay and silt layers, creating possible pathways for the 
DNAPLs (figure 2.15). Moreover, the top of the aquitard is five to ten meters closer to the 
surface than in the ModFlow model, which actually results in an impermeable layer within 




Figure 2.15 Topographic surface map in perspective view of top of aquitard of model 3, z-magnification 1 : 25 
 
 
Figure 2.16 Surface of aquitard in model 3 (dark brown dots) in comparison to aquitard of model 1 (light brown 
dots) in perspective view, z-magnification 1 : 25 
Some differences may be explained by a potentially oversimplified soil classification during 
drilling, maybe small layers of silt and clay were ignored and handled as minor aspects of the 
aquifer. Moreover, the grouping of materials into four groups based on their main compo-
nents probably has been too simplified. But still, the geological data of the available borehole 
data base does not support a regular or even continuous distribution of impermeable, clayey 
and silty material at the field site.  
Unfortunately no information exists about the process of classification of geological material 
as hydraulic units. In the available borehole data set, no additional occurrence of silt and 
clay can be found. The discrepancy between geological material description and definition as 
aquifer or aquitard at the site can not be explained, because no informations were available 
at La Sapienza about the process of classification and transformation.  
In order to address Issue 3 – “Is it possible that the DNAPL migrated through a gap in the 
aquitard to the deeper aquifer?” and Issue 4 – “What are the influences of subsurface mor-
phologies on the DNAPL movement and its final position?” a 2D cross section parallel to the 
2 Methods 
38 
documented groundwater flow was cut through the Modflow-based model 1 (figure 2.17). 
Groundwater flow in the modflow model is calibrated by well head information and docu-
mented as NNW to SSE in direction. The 2D cross section runs through the position of the 
former disposal basin, the emergency well 50 m downstream and the well gallery (fig-
ure 2.18). The unsaturated zone was neglected for multiphase modeling. The hydraulic units 
were reconstructed concerning material parameters as porosity and permeability as far as 
values were present in the borehole data base. Missing values were complemented by docu-
mented values in the literature. For details of the multiphase implementation, please refer to 
Chapter 6.  
 
Figure 2.17 Perspective view of Aquitard and Prima Falda (Superficiale not shown), z-magnification 1 : 25 
 
 
Figure 2.18 2D cross section converted for multiphase modeling, z-magnification 1 : 25 
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Abstract               
Remediation actions on groundwater contaminations are based on the knowledge of the posi-
tion, the size and the mass of the source zone. We focus in our research on the question, 
whether high groundwater flow velocities can cause a displacement of a DNAPL source zone. 
Additionally, the impact of high groundwater flow velocities on the development of the 
DNAPL body is investigated. The tool for these investigations is multiphase modeling of differ-
ent flow scenarios with TMVOC. The simulation revealed that even low groundwater flow ve-
locities affect the DNAPL movement and distribution in the saturated zone and should thus be 
taken into account by site investigation. 
 
Keywords DNAPL infiltration; lateral displacement; groundwater flow velocities;  
multiphase flow modeling; TOUGH; TMVOC 
3.1 Introduction 
Chlorinated solvents, like tetrachloroethylene (PCE) and trichloroethylene (TCE), are among 
the most widespread groundwater contaminants worldwide and are often released into the 
subsurface as Dense Non-Aqueous Phase Liquids (DNAPL).  
DNAPL as a distinct phase is commonly observed not only straight below, but also down-
stream of the surface contamination area. General explanations for this phenomenon are the 
existence of an undocumented, second point source downstream of the main source, or a 
DNAPL displacement through preferential flow paths due to hydraulic heterogeneities within 
the aquifer. Apart from these aspects, the displacement of the DNAPL may be influenced by 
high groundwater flow velocities (pore velocity of water vw), which can occur in gravel-sandy 
aquifers at the foothill of mountain ranges or in aquifers which are influenced by human ac-
tivities, such as active pump and treat remediation actions.  
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In this study the behaviour of the DNAPL TCE is analysed on a small scale and in homoge-
neous conditions by investigating laboratory experiments with 2D multiphase modeling with 
the software TMVOC (Pruess and Battistelli, 2002) and PetraSim (Thunderhead Engineer-
ing, 2011). The focus of this investigation is set on the question whether a minimum ground-
water flow velocity, a so-called threshold value, is required to displace a DNAPL within a 
homogeneous environment. Additionally, the influence of the water flow velocities on the 
DNAPL spatial position is analysed and quantified.  
 
3.2 Influence of Groundwater flow velocities on DNAPL movement 
3.2.1 Methodology 
In order to investigate the spatial movement of TCE under high groundwater flow velocities, 
a coupled approach of 2D laboratory tank experiments (performed at La Sapienza University, 
Rome) and 2D multiphase modeling with TMVOC and PetraSim was used. The experi-
mental tank measured 1.0 × 0.12 × 0.7 m (L × W × H) and was filled with coarse grained 
glass beads (grain size: 0.4 - 0.8 mm, porosity: 39 %, intrinsic permeability: 2.45 × 10-10 m2) 
up to a height of 0.7 m. Via a fixed hydraulic head in the inflow chamber and a weir at the 
outflow chamber, constant hydraulic gradients of 0.0 %, 0.4 % and 0.8 % were obtained, cor-
responding to groundwater flow velocities of approx. 0.00 m/day, 20.00 m/day and 
40.00 m/day. A total amount of 2 L of the dyed, non-toxic TCE substitute HFE-7100 (3M, 
2005) was infiltrated with constant entry pressure. The spreading behaviour of HFE-7100 
was documented and processed via an image analysis method (Luciano et al., 2010). The 
results of the laboratory experiments were used to calibrate the multiphase model within 
TMVOC (Erning et al., 2009). After calibration of the model to HFE-7100, a verification run 
using TCE was performed, showing no differences in the DNAPL distribution. As a next 
step, the model domain was elongated to a total length of 5 m and 10 m, respectively. Thir-
teen different groundwater flow velocities ranging from 0.00 m/day to 40.00 m/day were ap-
plied using first order boundary conditions regarding hydrostatic pressure at the inflow and 
outflow of the model. In the model a total amount of 2 L of TCE was infiltrated with a con-
stant rate over 6000 s. After 6000 s simulation time, the TCE source was deactivated in or-
der to observe the spreading behaviour after removal of the contamination source for addi-
tional 5 hours. 
The spatial distribution was analysed for every groundwater flow velocity at constant time 
steps with regard to five different features: (1) inclination of the percolation path, (2) posi-
tion of the pooling DNAPL, (3) length of the pooling DNAPL, (4) maximum contaminated 
area and (5) maximum saturation of the TCE phase in comparison to a base case scenario 
without groundwater flow (figure 3.1). 
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Figure 3.1 Simulated TCE saturation at vw = 0.00 m/day (base case scenario) and vw = 40.00 m/day. Small 
differences in the lateral distribution of the base case scenario are due to the resolution of the model 
and the interpolation method (kriging) 
3.2.2 Results 
The simulations ranging from vw = 0.05 m/day to vw = 40.00 m/day revealed that no mini-
mum groundwater flow velocity is required to affect the movement and position of a DNAPL 
body in the saturated zone. However, the impacts on the geometry and position are absolute-
ly and relatively small as long as flow velocities of 5.00 m/day are not exceeded in our model 
(table 3.1). The obtained results are exemplarily described for the highest groundwater flow 
velocity of 40.00 m/day, where changes are most visibly prominent. 
 
Table 3.1 Impacts of groundwater flow velocities on DNAPL distribution in the saturated zone at 
t = 24 000 s 
  Groundwater flow velocity (m/day) 
 0.00 0.05 0.25 0.50 1.00 5.00 10.00 20.00 40.00 
Inclination of the 
percolation path (°) at 
t = 6 000 s 
0 –0.01 –0.15 –0.21 –0.41 –3.52 –6.62 –11.31 –18.57 
Downstream translocation 
of the pool (cm) 
0.00 1.00 4.30 5.50 8.20 37.80 75.40 114.80 145.0 
Length of the pool (cm) 293.30 292.60 290.40 290.60 293.60 294.40 294.70 318.80 399.20 
Max. DNAPL saturation 
(%) 
42.70 42.60 42.70 42.70 42.70 42.70 42.00 39.00 33.00 
Percental area (%) 100.00 100.32 99.64 99.02 100.00 97.78 95.05 96.37 73.55 
DNAPL mass (kg) 3.0389 3.0389 3.0388 3.0386 3.0381 3.0339 3.0281 3.0157 2.9894 
 
At flow velocities of 40.00 m/day the percolation path of TCE is inclined by a mean average 
of 18.57° to the downstream direction, resulting in a translocation of the pool at t = 6 000 s 
of 0.51 m to the outflow. While at no flow conditions (base case scenario) the DNAPL pool 
starts 0.64 m “upstream” of the infiltration point, it begins only 0.13 m upstream at 
vw = 40.00 m/day. At t = 24 000 s, the translocation reaches 1.45 m in downstream direc-
tion. The length of the pool is enlarged by 1.06 m compared to the base case scenario at 
t = 24 000 s, while the area is reduced by 26.45%. The maximum DNAPL saturation de-
creases to SDNAPL(vw = 40.00 m/d) = 0.33 compared to SDNAPL(base case) = 0.43 at the end of the 
simulation time. 
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3.3 Discussion 
Two different aspects of the groundwater flow velocity influence the spatial distribution of 
the DNAPL. The first factor is the kinetic force and thus the hydrodynamic pressure of the 
streaming water. This leads to an inclination of the percolation path and a translocation of 
the DNAPL pool. Following the way of least resistance, i.e. least pressure, the DNAPL is 
transported downstream by erosion of the surface layers of the pool and relocation in the 
depressurized zone downstream.  
The second aspect is the enhanced mass flux (M) of TCE dissolved in groundwater 
(CTCE,dissolved) with larger flow velocity:  
 
M = qw × CTCE,dissolved × A (3.1) 
with qw being the Darcy flow velocity and A the area. 
As TMVOC is only able to calculate the dissolution of the DNAPL phase assuming instanta-
neous solution and saturation up to maximum solubility, the mass transfer rate in the model 
is enhanced by increased groundwater flow velocities and therefore probably overestimated at 
high groundwater flow velocities. Effects of translocation processes and of enhanced dissolu-
tion processes are intermingled and counterbalanced at low flow velocities, while at high flow 
velocities, the translocation processes dominate in our set-up. 
3.4 Conclusion 
A threshold value for groundwater flow velocities required to affect the distribution of a 
DNAPL in the subsurface does not exist in our homogenous model set-up. The streaming 
water even impacts at vw = 0.05 m/day the position, the size and the mass transfer rates of 
the DNAPL body, although the influence remains small for vw ≤ 5.00 m/day on the chosen 
spatial and temporal scale. However, transferring the results of the simulations to a homoge-
neous field scale problem, the DNAPL could be transported at vw = 1.00 m/day and 
t = 50 years over a length of approx. 5.4 km, assuming a permanent DNAPL injection and 
same geological conditions as in the small scale investigation.  
But, as was observed during the laboratory experiments, the influences of high groundwater 
flow velocities can be superimposed by heterogeneities of the material parameters. Smallest 
variances in permeability can produce preferential flow paths and thus change the position 
and geometry of the DNAPL body significantly.  
3.5 Further prospects 
In the next work step, the influence of heterogeneities and preferential flow paths will be 
investigated on small scale model scenarios, in order to evaluate the effects of material pa-
rameters vs. groundwater flow velocities. The heterogeneous model will then be upscaled and 
adapted to a real field site. 
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Abstract 
The influence of varying groundwater flow velocities on DNAPL infiltration and spreading 
behaviour was investigated by multiphase modeling using TMVOC & PetraSim. The multi-
phase models were calibrated by results of previously conducted laboratory experiments for 
the complete spatio-temporal range of the experiments. The small scale 2D scenario modeling 
was applied to qualify and quantify changes in position, architecture, geometry and dissolu-
tion of a TCE body in a fully saturated homogenous sandy medium. The applied flow veloci-
ties ranging from 0.05 m/d up to 40.00 m/d exhibited that the DNAPL TCE is affected even 
at the lowest flow velocity in its position, its size and its architecture. Additionally, several 
impermeable lenses with simple geometry were assumed in the model, to investigate the in-
fluence of stratified subsoil. In the experimental set-ups, the DNAPL body reacts more sensi-
tive to the applied groundwater flow velocities than to the geometrical set-up of the scenari-
os. A possible consequence can be the transportation and displacement of a DNAPL pool due 
to natural or anthropogenic induced high groundwater flow velocities, as by Pump & Treat 
facilities, complicating site investigation process and planning of remediation activities.  
 
Keywords: DNAPL, source zone architecture, groundwater flow velocities, TMVOC, model-
ing 
4.1 Introduction 
Chlorinated solvents like tetrachloroethylene (PCE) or trichloroethylene (TCE) are among 
the most widespread groundwater contaminants worldwide and are often released into the 
subsoil as Dense Non-Aqueous Phase Liquids (DNAPL). Once released to the subsoil the 
DNAPL moves vertically through the vadose zone and the saturated zone, steered by its 
physico-chemical properties as high density and low viscosity. When the DNAPL encounters 
formations with reduced permeability it will accumulate on top of them. In cases where the 
DNAPL mass exceeds the entry pressure of the respective material, it infiltrates the low 
permeability zone. Alternatively, the DNAPL follows gravity-driven the inclination of the 
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respective barriers, leading to complex distribution patterns of DNAPL fingers and pools in 
the subsoil. At site investigations of contaminated areas, DNAPLs are sometimes not only 
observed straight below the original surface contamination area, but also in considerable 
downstream direction. Possible explanations are the existence of an undocumented second 
point source or preferential flow paths in the subsurface due to high permeable geological 
layers. Additionally, transport of the DNAPL as free phase with the streaming groundwater 
could be possible. The identification of the exact or at least approximated position of a 
long-term DNAPL source zone is essential for any kind of groundwater remediation purposes, 
as otherwise the planning of remediation and / or containment facilities is hardly possible.  
Although a lot of research has been done on the topic of DNAPL migration in the saturated 
zone with respect to small and large scale heterogeneities (Kueper and Frind, 1988; 
Illangasekare et al., 1995; Dekker and Abriola, 2000; Saenton et al., 2002; Bradford et al., 
2003; Bao et al., 2004; Broholm et al., 2005; Jawitz et al., 2005; Rivett and Feenstra, 2005; 
Fagerlund et al., 2006a; Page et al., 2007), dissolution processes (Zhu and Sykes, 2000; Falta, 
2003; Bao et al., 2004; Falta et al., 2005a; Rivett and Feenstra, 2005; Fure et al., 2006; Li et 
al., 2011) and mass flux (Jellali et al., 2003; Soga et al., 2004; Fure et al., 2006; Illangasekare 
et al., 2006; Page et al., 2007; Christ et al., 2009), there has to the knowledge of the authors, 
not yet been a distinct focus on enhanced groundwater flow velocities (vw). The effects of vw 
up to 1.0 - 1.5 m/d in combination with heterogeneities has already been investigated with 
numerical simulations by several research groups. Dekker and Abriola (2000) for instance 
stated no significant influence on the DNAPL behaviour in the range of 
0.0 m/d < vw  < 1.0 m/d compared to alternative dominating factors like spatial variance of 
permeabilities in the subsoil and spill rate of the DNAPL. Gerhard et al. (2007) investigated 
the controlling factors of the cessation time for movement of five different DNAPLs and con-
cluded that groundwater flow velocities in the range of vw < 1.3 m/d have no significant in-
fluence on the time scale for the DNAPL movement. But they determined that the position 
of the main DNAPL body is influenced by the ambient groundwater flow velocities up until 
vw ≤ 1.5 m/d. Furthermore they concluded that higher impacts have to be expected in the 
surroundings of drinking water production facilities, where the groundwater flow is artificially 
enhanced.  
Natural groundwater flow velocities are generally considered to vary in most aquifers be-
tween a few centimetres and a maximum of one meter per day. Although this is an accepta-
ble assumption for most of the investigated areas in the lowlands, these values can easily be 
exceeded in hilly countryside or at the foothills of mountains.  
In gravely aquifers at the foothills of mountains or in narrowing river valley aquifers, flow 
velocities of more than one meter per day are often encountered. The river valley Glatt in 
Switzerland for instance is characterized by natural groundwater flow velocities of 3.5 m/d to 
5.0 m/d (Hoehn and Santschi, 1987; Hoehn and Von Gunten, 1989; Von Gunten et al., 1991) 
due to riverbank infiltration. The narrowing valley aquifers of Stuttgart, Germany exhibit 
natural groundwater flow velocities up to 5.0 m/d (Herfort and Ptak, 2002), which can reach 
approx. 10 m/d on a local scale due to influences of topography and morpho-geology (Herfort 
et al., 1998). The same factors affect the groundwater flow in Darmstadt, Germany 
(Greifenhagen, 2000).  
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Moreover, the groundwater flow velocities in these highly permeable quaternary alluvial sed-
iments can further be increased in the surroundings of drinking water production, hydraulic 
containments and Pump & Treat facilities for remediation purposes.  
This is the case at a former industrial site in Rho, in the proximity to Milan, Italy.  
The site is characterized by a quaternary multi-aquifer formation with a natural groundwater 
pore velocity of one to two meters per day. The aquitard between the two aquifers of interest 
consists of clay and silty clay. Based on the geological investigation of the area, the aquitard 
is probably not omnipresent in the area, but characterized by gaps of varying size, creating 
hydraulic connections between the aquifers.  
During an operational time of approximately 75 years, the chlorinated solvents TCE and 
PCE were disposed via an open basin. Groundwater sampling campaigns over the last dec-
ades revealed high concentrations of dissolved TCE and PCE in the uppermost and in the 
deeper aquifer. The concentration profiles suggest the occurrence of a free DNAPL phase in 
both aquifers. In approx. 2005 a Pump & Treat facility was installed, extracting from both 
aquifers and furthermore increasing the groundwater flow velocity. 
Since the already installed remediation facilities are neither effective nor efficient regarding 
time and costs, the installation of a permeable reactive barrier (PRB) is considered. For the 
planning and installation of any PRB, the knowledge of the position of the contaminants is 
essential. 
The working hypothesis for the field site is a transportation of the free phase DNAPL with 
the streaming groundwater in the uppermost aquifer to a hydraulic connection and further 
passage to the deeper aquifer. The possible location in the deeper aquifer is still unknown. 
In this paper, which is the first in a serial about the influence of high groundwater flow veloc-
ities on the behaviour of DNAPLs, the physical principles are investigated by numerical mul-
tiphase modeling on laboratory scale.  
The simulations are conducted with the multiphase modeling software TMVOC (Pruess and 
Battistelli, 2002) via the graphical user interface PetraSim (Thunderhead Engineering, 2011) 
on 2D small scale, calibrated by laboratory experiments. Thirteen different groundwater flow 
velocities ranging from centimetres per day up to several tens of meters and four different 
realizations of geometrical set-up of the subsoil are investigated, resulting in a total of 28 
scenarios.  
The main points of interest in this first study are the qualification and quantification of the 
transport of a TCE DNAPL pool as a result of varying groundwater flow velocities.  
Furthermore the influence of small scale heterogeneities is investigated as well as the changed 
geometry of the free phase DNAPL body in the saturated zone, since dissolution behaviour 
and therefore mass flux are directly dependent on the orientation and the geometry of a 
NAPL pool within the saturated zone, as investigated by Sale and McWhorter (2001), Fure 
et al. (2006) and Miles et al. (2008a).  
These small scale investigations will give a first approximation for the behaviour of DNAPLs 
at the real field site in Italy, at geological - hydrogeological similar field sites and for hydrau-
lic flushing scenarios. 
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4.2 Methodology 
4.2.1 Calibration model 
Laboratory experiment for computer model calibration 
The primary data set for the calibration of the multiphase model was provided by Luciano et 
al. (2010), who conducted the laboratory experiments. The documented spreading behaviour 
of the DNAPL in the experiments was used to identify the scaling parameters of the multi-
phase formulations of the relationships of capillary pressure – saturation (Pc - S) and relative 
permeability – saturation (kr - S), two primary controlling factors for the spreading behav-
iour of NAPLs (Pankow and Cherry, 1996; Dekker and Abriola, 2000; Fagerlund et al., 
2006b; Chang et al., 2009). The tank experiment measured 1.33 m × 0.12 m × 0.70 m 
(L × W × H) and was filled with coarse glass beads (SAND1) up to a height of 0.50 m (ta-
ble 4.2). Two low permeable lenses of fine grained glass beads (SAND2) were installed at 
different heights within the coarse grained stratum (figure 4.2). 
 
Table 4.1 Material parameters of the artificial porous media (provided by Luciano et al. 2010) 
(a)calculated by means of Darcy´s law and hydraulic permeability 
(b)no measurements, iterativey fitted during calibration process of the model 
 
 
Figure 4.1 Schematic set-up of the experimental tank (Luciano et al., 2010), all length in cm 
Via a fixed hydraulic head in the inflow chamber and an adjustable overfall weir at the out-
flow chamber groundwater pore velocities (vw) of 0.00 m/d, 21.25 m/d and 40.86 m/d were 
obtained.  
HFE-7100 (3M, 2005) was used as DNAPL substitute, being well established as non-toxic 
alternative to TCE in laboratory experiments (Lee et al., 2004).  
 SAND1 SAND2 
Diameter of glass beads [mm] 0.4 - 0.8 0.1 - 0.2 
Porosity 0.388 0.373 
Density [kg/m³] 2500 2500 
Bulk density [kg/m³] 1530 1570 
Intrinsic permeability, horizontal [m²] 2.4×10-10  (a) 8.5×10-15  (b) 
Intrinsic permeability, vertical [m²] 1.94×10-10  (a) 8.5×10-15 (b) 
4 Simulation of DNAPL infiltration and spreading behaviour in the saturated zone […] 
48 
A total amount of 2 litres (3.05 kg) of dyed HFE-7100, featuring similar physico-chemical 
properties as TCE (table 4.3), was infiltrated below the water table with a constant entry 
pressure. The spatio-temporal spreading behaviour of HFE-7100 in the laboratory tank was 
photo documented for each flow velocity at predefined time steps and processed via an image 
analysis procedure. Thus it was mapped only visually, since the measurement of saturation 
profiles is extensively time and cost consuming and for this investigation of minor interest. 
Saturation profiles are essential for investigations regarding the mass flux and longevity of 
source zones, but the focus of this investigation is on the position of source zones, in order to 
improve site investigation and planning of remediation facilities.  
For additional details concerning the set-up, the analysis and the applied boundary condi-
tions the reader is referred to Luciano et al. (2010). 
 
Table 4.2 Physico-chemical properties of HFE-7100 and TCE 
Property HFE-7100 TCE 
Chemical formula C4F9OCH3 C2HCl3 
Relative density [kg/m³] 1500 / 1480 (dyed) 1464 
Relative viscosity [cP] 0.60 0.59 
Surface tension [mN/m] 13.60 29.30 
Interfacial tension [mN/m] 35.59 34.50 
Vapour Pressure [kPa] 28.00 7.73 
Water solubility [ppm] 12 1100 
 
Calibration of the computer model 
The size of the calibration model within TMVOC was 1.00 m × 0.12 m × 0.60 m 
(L × W × H), corresponding to the volume of the laboratory experiment filled with glass 
beads, having a resolution of 75 cells in length, 1 cell in width and 44 cells in height and cre-
ating a 2D model domain of 3 300 cells. The resolution was refined from 4 cm² to 1 cm² in 
the surroundings of the low permeable lenses and the infiltration point (figure 4.3). 
The geometry of the lab experiments was rebuilt in the model regarding the geometry of in-
filtration point and low permeable lenses, applying the physical properties of the two types of 
glass beads (cf. table 4.2). 
The model was initialized as fully water saturated with first order boundary conditions re-
garding hydrostatic pressure and water saturation for the inflow (left side) and the outflow 
(right side) of the model domain. Top and bottom of the model were defined as impermeable, 
implying a confined aquifer although the laboratory experiments were unconfined. These 
simplifications were chosen since the simulation and calibration of the capillary fringe is ex-
cessively runtime consuming and since the DNAPL infiltration in the laboratory experiments 
took place below the water table. Thus the vadose zone had no effect on this investigation 
and could be neglected for the simulations.  
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Figure 4.2  Model domain in TMVOC, low permeable lenses in black, overlaid by discretization grid, ground-
water flow from left to right (AOI = area of interest of the laboratory experiments) 
 
The location of the infiltration point, the amount of the infiltrated DNAPL HFE-7100, the 
infiltration rates (kg/s) and the observation times corresponded to the measurements in the 
laboratory experiments and are listed in table 4.4. The enhanced infiltration of the DNAPL 
in the laboratory experiments with increasing groundwater flow velocities already shows the 
influence of the streaming water on the DNAPL body and are analyzed in Luciano et al. 
(2010). 
 
Table 4.3 Boundary conditions of the laboratory experiments (Luciano et al. 2010) 
 Experiment 1 Experiment 2 Experiment 3 
Groundwater pore velocityvw (m/d) 0.00 21.25 40.86 
Infiltrated amount of HFE-7100 (kg) 3.05 3.05 3.05 
Infiltration rates in the calibration model 
(kg/s) 
5.08 × 10-4 8.13×10-4 1.90×10-3 
Seepage / infiltration time (s) 5905 3690 1580 
Observation time after deactivation of 
infiltration = spreading time (s) 
10217 1890 4325 
Total time of experiments and models (h) 4.48 1.55 1.64 
Different sets of functions for Pc - S and kr - S functions were tested regarding their accuracy 
in simulating the spreading behaviour of the DNAPL as well as their applicability, roughness 
and runtime performance. Due to best performance and most accurate results, Parker and 
Lenhard ´s three-phase formulation of Pc – S(Parker and Lenhard, 1987) and Stone´s three 
phase formulation of kr – S(Stone, 1970) were finally chosen. Both formulations are originally 
for the three phase system water -gas - NAPL, but can easily be adapted to the two phase 
system water -  NAPL. The scaling parameters of the chosen formulations were iteratively 
fitted from provided literature values (Falta et al., 1995; Pruess and Battistelli, 2002) to the 
documented spreading behaviour of all the laboratory experiments, thus that one set of pa-
rameters fitted the DNAPL behaviour at all flow velocities at the same time. The fitted pa-
rameters are listed in table 4.4, with Swr being the residual water saturation, Snr the residual 
NAPL saturation, Sgr the residual gas saturation, and n, αgn and αnw as scaling factors. 
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Table 4.4 Determined parameters for capillary pressure and relative permeability.  
 
Pc – S – formulation 
(Parker and Lenhard, 1987) 
kr – S – formulation 
(Stone, 1970) 
Swr - 0.1 
Snr - 0.1 
Sgr - 0.0 
n 2.5 2.5 
Sm 0.1 - 
αgn 100 - 
αnw 50 - 
4.2.2 Scenario Modeling 
The calibration model was used to investigate additional scenarios that were not investigated 
in the laboratory experiments. Therefore the calibration model was adapted in its size, reso-
lution and geometrical set-up for the scenario modeling to avoid any interaction of the 
DNAPL with the model boundaries. The specific values are listed in the description of the 
different scenarios. The material properties, the boundary conditions and the amount of in-
jected DNAPL were identical to the parameters of the calibration model, but the simulations 
were performed using TCE instead of HFE-7100. 
The infiltration point was set to the coordinates X = 2.50 m and Z = 0.42 m. For the highly 
permeable areas the physical properties of SAND1 were applied (cf. table 4.2 and table 4.5). 
For the layered scenarios a new material was introduced, reflecting impermeable clay, named 
IMPER.  
 
Table 4.5 Material parameters of the model domain 
 SAND1 IMPER 
 (= coarse grained glass beads) (newly defined) 
Density (kg/m³) 2500 2900 
Effective porosity 0.39 0.10 
Intrinsic permeability, horizontal (m²) 2.43 x 10-10 8.50 x 10-21 
Intrinsic permeability, vertical (m²) 1.94 x 10-10 8.50 x 10-21 
In the models a total amount of 3.05 kg of TCE was infiltrated at a constant rate over 
6 000 s. After 6 000 s the TCE infiltration was deactivated in order to observe the spreading 
behaviour of the DNAPL body after removal of the original source zone for additional 
5 hours, resulting in an overall simulation time of 6.67 hours. The spatial distribution of 
TCE as DNAPL body was analyzed at 14 predefined time steps for all applied flow velocities. 
The size of the DNAPL body was defined by the area with a saturation of TCE (STCE) high-
er than the residual saturation (STCE r > 0.1). Any flow induced changing in the position of 
the pooling DNAPL on the bottom of the model domain was defined as displacement, com-
pared to the position of the pool in the base case scenario without groundwater flow. The 
starting position of the pool was defined by the first left-hand / upstream cell on the bottom 
of the model domain, which encounters DNAPL saturation of Sr > 0.1. Furthermore, the 
changes of occupied area were analyzed for the homogeneous scenario in order to approxi-
mate the potential changes in contaminated soil volume. The occupied area in the base case 
scenario corresponds hereby to a percentage of the area of 100 %. 
Homogenous scenarios 
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In order to investigate the influence of the groundwater flow velocity on the DNAPL behav-
iour, a homogenous model only consisting of SAND1 was created. The domain was set to 
5.00 m × 0.12 m × 0.60 m (L × W × H = X × Y × Z) and 10.00 m × 0.12 m × 0.60 m, 
respectively, depending on the applied flow velocities. Discretisation was defined as 90 cells 
and 140 cells, respectively, in length, 1 cell in width and 30 cells in height, with a high reso-
lution zone from X = 2.0 m to X = 3.0 m, resulting in refined cell sizes of 0.02 m × 0.02 m 
in the surroundings of the infiltration point. Thirteen different pore velocities were applied to 
the model, including 0.00 m/d, 0.05 m/d, 0.10 m/d, 0.25 m/d, 0.50 m/d, 0.75 m/d, 1.00 m/d, 
2.00 m/d, 2.50 m/d, 5.00 m/d, 10 m/d, 20 m/d and 40 m/d covering the whole range of the 
calibration model. 
The spatial distribution of TCE was analyzed regarding five different features: (1) inclination 
of the percolation path, (2) position of the pooling DNAPL on the bottom of the model do-
main, (3) length of pooling DNAPL, (4) maximum contaminated area and (5) maximum sat-
uration of the TCE phase in comparison to a base case scenario without groundwater flow. 
Layered scenarios 
The dimensions of the layered scenarios were 10.00 m × 0.12 m × 0.60 m (X × Y × Z), 
based on the size of the previous experiments. The domains were discretized in 140 cells in 
length, 1 cell in width and 60 cells in height, resulting in general cell sizes of 0.10 m × 0.01 m 
with a high resolution zone from X = 2.0 m to X = 3.0 m with a cell size of 
0.02 m × 0.01 m.  
Three different geometrical set-ups (figure 4.4) were investigated, constructed by SAND1 and 
IMPER (geometries A – C). Based on the results of the homogeneous scenarios, only five 
pore velocities of water (0 m/d, 5 m/d, 10 m/d, 20 m/d and 40 m/d) were investigated for 
each geometrical set-up regarding the position and the length of the DNAPL pool on the 
bottom of the model as well as the maximum contaminated area.  
After using a resolution of millimetres for the data analysis in the homogenous scenarios in 
order to identify even smallest changes at low flow velocities, the scale was changed for the 
layered simulations to centimetre scale. Since the differences between the different layered 
scenarios are in the range of centimetres instead of millimetres as in the homogeneous set-
tings, this simplification seems acceptable. A rerun of selected homogenous scenarios (results 
not shown) with refined discretisation showed no significant difference in the distribution and 
the behaviour of the DNAPL, thus the scenarios were comparable even with differing dis-
cretisation. 
4 Simulation of DNAPL infiltration and spreading behaviour in the saturated zone […] 
52 
 
Figure 4.3 Geometrical set-ups of the different scenarios (detail of model domain from 1.5 m < X < 4.0 m), 
the cross marks infiltration point, black horizontal bars mark impermeable layers, overlaid by dis-
cretisation grid 
4.3 Results and discussion 
4.3.1 Calibration model 
The computer model was calibrated for all three pore velocities of the laboratory experiments 
at every documented time step, thus fitting with one calibration-set the complete spa-
tio-temporal behaviour of the DNAPL at the whole range of 0.0 m/d < vw < 40.0 m/d.  
The results of the calibration process are illustratively shown for vw = 21.25 m/d at 
t = 3 690 s (figure 4.4). In general the model results of position and spreading behaviour of 
the DNAPL over time correspond well to the laboratory observations. However, there are 
small differences between the results of the laboratory experiments and the model calibration. 
For example, the DNAPL in the simulation passes the first lens in larger amounts on the 
upstream side, thus resulting in lower DNAPL saturations in the downstream area. Such 
differences can be explained firstly by the fact that porosity and permeability of the coarse 
grained glass beads in the model are homogeneously distributed, while in reality there are 
always small scale heterogeneities due to the filling process of the tank, creating preferential 
flow paths within the medium. Secondly, between experiment and simulation there are small 
differences in the geometry of infiltration point and fine sand lenses due to the discretisation 
of the model, influencing the distribution of the DNAPL. Thirdly, it is possible that the 
DNAPL within the laboratory experiments is distributed irregularly over the tank width, 
while in the 2D model there is no distribution in width. Moreover, small differences are cre-
ated by the interpolation of the results to the model domain. However, considering all the 
time steps and experimental set-ups, there is a good agreement between observations and 
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simulated results with respect to DNAPL distribution in dependency of high groundwater 
flow velocities. 
 
Figure 4.4  Area of interest (AOI) of laboratory experiment with vw = 21.25 m/d overlaid by results of model 
calibration (isolines showing modelled DNAPL saturation of the model domain) at t = 3 690 s 
After calibrating the model with HFE-7100, a verification run using TCE in same amounts 
and at same boundary conditions was performed. The results of the TCE simulations showed 
no difference in the spatio-temporal distribution of the DNAPL body to the documented 
spreading behaviour of HFE-7100, thus the calibration was also valid for TCE. 
4.3.2 Homogeneous scenario 
The simulations ranging from vw = 0.05 m/d to vw = 40.00 m/d revealed that even lowest 
groundwater flow velocities affect the movement and position of a DNAPL body in the satu-
rated zone (table 4.7). However, the simulated impacts on the geometry and position are 
relatively small in the model as long as flow velocities of 5.00 m/d are not exceeded. Higher 
flow velocities significantly affect the movement and position of TCE. The obtained results 
are illustratively described for the highest groundwater flow velocity of 40.00 m/d, where 
changes are most prominent (figure 4.5): 
At flow velocities of 40.00 m/d the percolation path of TCE is inclined by an average angle 
of 18.57° to the downstream direction, resulting in a displacement of the pool at t = 6 000 s 
of 0.51 m to the outflow. While at no flow conditions (base case scenario) the DNAPL pool 
starts 0.64 m left (“upstream”) of the infiltration point, it begins only 0.13 m upstream at 
vw = 40.00 m/d. At t = 24 000 s, the displacement reaches 1.45 m in downstream direction. 
  




Figure 4.5 Simulated TCE saturation at vw = 0.00 m/d (base case scenario) and vw = 40.00 m/d. The uneven 
spreading front of the percolation path is caused by the discretization of the model domain (Erning 
et al., 2010) 
 
Table 4.6 Impacts of groundwater flow velocities on DNAPL distribution in the saturated zone at 
t = 24 000 s (Erning et al., 2010a) 
 Groundwaterflowvelocity (m/d) 
  0.00 0.05 0.25 0.50 1.00 5.00 10.00 20.00 40.00 
Inclination of the percolation path 
(°) at t = 6 000 s 
0 -0.01 -0.15 -0.21 -0.41 -3.52 -6.62 -11.31 -18.57 
Displacement of the pool (cm) 0.0 1.0 4.3 5.5 8.2 37.8 75.4 114.8 145.0 
Length of the pool (cm) 293.3 292.6 290.4 290.6 293.6 294.4 297.7 318.8 399.2 
Max. DNAPL saturation (%) 42.7 42.6 42.7 42.7 42.7 42.7 42.0 39.0 33.0 
Percental area with STCE > 0.1 (%) 100.00 100.32 99.64 99.02 100.00 97.78 95.05 96.37 73.55 
DNAPL mass (kg) in the whole 
model domain 
3.039 3.039 3.039 3.039 3.038 3.034 3.028 3.016 2.989 
 
Moreover, the DNAPL pool is enlarged to a length of 399.2 cm at vw = 40 m/d, while it co-
vers only 293.3 cm at vw = 0 m/d. Meanwhile the area with STCE > 0.1 is reduced by 
26.45 % compared to the no flow base case scenario, because of enhanced dissolution process-
es and higher amounts of dissolved TCE in the aqueous phase. At the end of the simulation 
time, the maximum DNAPL saturation decreases to SDNAPL(vw = 40.00 m/d) = 0.33 compared to 
SDNAPL(base case) = 0.43. 
Two different aspects of the groundwater flow velocity influence the spatial distribution of 
the DNAPL. The first factor is the kinetic force and thus the hydrodynamic pressure of the 
streaming water. While the DNAPL infiltrates the subsoil, the potential area for water flow 
is reduced. Thus the groundwater flow velocity is enhanced the deeper the DNAPL migrates. 
The hydrodynamic pressure of the streaming water pushes and transports the DNAPL within 
the porous medium in downstream direction, hinders upstream spreading against the hydro-
dynamic pressure gradient and leads to a thinning and an elongation of the pool: DNAPL in 
high hydrostatic pressure zones, e.g. upstream face and top of the DNAPL pool, will be 
transported along the hydrostatic pressure gradient. DNAPL reaching low hydrostatic pres-
sure zone, e.g. the end of the DNAPL pool, will accumulate at the end of the pool, where the 
influence of gravity exceeds the influence of the hydrodynamic pressure.  
The second aspect influencing the spatial distribution is the enhanced mass flux (M) of TCE 
dissolved in groundwater (CTCE,dissolved) with increasing flow velocity:  
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M = qw × CTCE,dissolved × A (4.1) 
with qw being the Darcy flow velocity and A the contact area between water and NAPL. 
Enhanced dissolution processes increase mass transfer from the source zone to the aqueous 
phase, resulting in a smaller source zone. Since the dissolution processes are highest at the 
upstream side and edges of the DNAPL body, where concentration gradients are highest 
(Sale and McWhorter, 2001), upstream positioned DNAPL will dissolute faster, enhancing 
the apparent visual effect of lateral displacement in downstream direction.  
As TMVOC is only able to calculate dissolution of DNAPL phase assuming instantaneous 
solution and saturation up to maximum solubility, the mass transfer rate in the model is 
enhanced by increased groundwater flow velocities and therefore probably overestimated at 
high groundwater flow velocities. Effects of displacement processes and of enhanced dissolu-
tion processes are intermingled and hard to distinguish at low flow velocities, while at high 
flow velocities, the displacement processes dominate in these set-ups, in the homogenous as 
well as in the layered scenarios. 
4.3.3 Layered Scenarios 
A short graphical overview of the simulation results for the layered settings is given in fig-
ure 4.6, showing the end of the infiltration process (t = 6 000 s). The results are illustratively 
described for the base case scenario and for the effects of vw = 40.00 m/d. 
In the base case scenario (NoLay_0m/d), TCE percolates vertically through the homogene-
ous environment and pools symmetrically to the left and to the right of the infiltration point. 
In the symmetrical setting A, the percolating DNAPL spreads at vw = 0 m/d evenly to both 
sides of the upper impermeable lens as well as on the following ones, resulting in a wider per-
colation path. Considerable amounts of TCE are stored as smaller pools on top of the lenses, 
resulting in a reduced mass reaching the bottom of the domain at t = 6 000 s and thus a 
reduced and shortened pool.The setting B influences the percolation path only slightly for 
vw = 0 m/d. The main TCE mass passes the lenses on the left side and only minor amounts 
are stored on the lenses.  
In the set-up C, the DNAPL proceeds the lenses nearly equally distributed on the left and 
right side, forming two pools on the bottom of the domain at t = 3 300 s, which merge to one 
pool at t = 3 750 s.  
Applying enhanced flow velocities, figure 4.7 illustrates that the percolation paths are gener-
ally inclined to the downstream area of the infiltration point. This leads to preferential flow 
paths regarding the passing of the lenses. At flow velocities of 5 m/d < vw < 20 m/d, the 
main DNAPL body passes the lenses at the downstream (right) side with smaller amounts 
still migrating on the upstream side of the lenses.  
At flow velocities of 40 m/d, small amounts of TCE pass only in setting B on the upstream 
side of the lenses, while in settings A and C the complete percolation path is shifted to the 
downstream area of the infiltration point.  
The flow enhanced preferential flow paths lead to different positions and lengths of the 
DNAPL pool at the bottom of the model domain at later time steps. The range of the dis-
placement regarding starting position and length of the TCE pool at the aquifer base de-
pends on the applied groundwater flow velocities and geometries (figure 4.7). 
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In the base case scenario (NoLay_0m/d) the DNAPL pool at the bottom of the model do-
main starts at X = 1.05 m and reaches a length of 2.90 m at t = 24 000 s. Due to the elon-
gated percolation path, which TCE encounters in geometry A (A_0m/d), the overall pool 
length at the bottom of the model domain is shortened by 0.20 m (= 6.9 %), because more 
DNAPL mass is stored on top of the impermeable lenses. Geometry B and C seem to have no 
influence on the pooling DNAPL at vw = 0 m/d or the influences are smaller than the spatial 
resolution of the model. 
A flow velocity of vw = 5.00 m/d causes a downstream displacement of 0.40 m of the TCE 
pool, but does not influence the length of the pool in the homogenous setting (NoLay_5m/d). 
The displacement can be enhanced as well as diminished by a layering of the subsoil. Geome-
try B (B_5m/d) causes a smaller downstream displacement, A_5m/d a larger displacement 
of the DNAPL pool compared to the base case (NoLay_0m/d).  
At vw = 10 m/d, the pooling DNAPLs in the scenarios A - C is transported 0.70 - 0.90 m 
compared to the base case scenario. The pool length ranges between 2.70 m in scenario 
A_10m/d to 3.00 m in scenario C_10m/d, resulting in an increased pool length of max. 
0.10 m compared to the base case scenario NoLay_0m/d. 
The displacement of the pool at vw = 20 m/d varies from 1.04 m (NoLay_20m/d) to 1.24 m 
(A_20m/d). The pool length is elongated to 3.16 m (A_20m/d) - 3.34 m/d (C_20m/d). 
 
 
Figure 4.7 Spatial position and length of the DNAPL pool at t = 24 000 s 
The same trend for the displacement can be observed for vw = 40 m/d. The starting position 
of the pool is in close proximity to the infiltration point with the displacement ranging be-
tween 1.36 m (NoLay_40m/d) and 1.70 m (A_40m/d). The TCE pool is enlarged to 4.04 m 
(NoLay_40m/d) - 4.40 m/d (C_40m/d), corresponding to an elongation by a factor of 1.52 
compared to the no flow base case scenario (NoLay_0m/d).  
As observed, the starting position and the length of the DNAPL pool vary with alternating 
flow velocities and with alternating geometries. Nevertheless, the same starting positions and 
the same length of the DNAPL pool can be obtained by different combinations of flow veloci-
ty and geometry, complicating the identification of the more sensitive factors influencing the 
DNAPL pool distribution.  
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Figure 4.6  Spatial position of TCE at t = 6 000 s (end of infiltration period) for alternating groundwater flow 
velocities and subsurface geometries, cross marks infiltration point, detail of model domain 
(1.5 m < X < 4.0 m), applied geometries in columns, applied flow velocities in rows. 
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In order to distinguish between influences of groundwater flow velocity and influences of the 
applied geometrical set-up, the results of the scenarios were classified into two categories: 
− Position and length of TCE pool for one given flow velocity, analyzed for all applied 
geometries, for instance vw = 0m/d & all geometries (four scenarios for each vw), 
− Position and length of the TCE pool for one given geometry, analyzed for all applied 
flow velocities, for instance NoLay & all vw (five scenarios for each geometrical 
set-up). 
Due to the excessive runtime of the simulations, their number has been restricted and an 
application of comprehensive statistical analysis is limited. The range and the variance of the 
different scenario set-ups is illustrated by applying standard statistics as median, 25th quar-
tile and 75th quartile, minimum and maximum values via box-whisker-plots calculated with 
Grapher 7.0 (Golden Software Inc., 2007). Since the data density is sparse, whiskers and 
quartiles are often the same value as well as median and quartiles (figure 4.8). 
 
 
Figure 4.8  Box-whisker-plots of a) start position of DNAPL pool, b) pool length, showing minimum & maxi-
mum (whiskers), 25th quartile & 75th quartile (length of box), and median 
The range of differences in the start position of the DNAPL pool due to varying applied ge-
ometrical set-ups comprises 0.18 m – 0.42 m, while the IQR covered due to influences of ap-
plied vw varies between 1.08 m and 1.50 m. This illustrates that the DNAPL pool is stronger 
influenced in its position by the streaming groundwater than by the lenses of the scenarios. 
Investigating the overall pool length of the different scenarios, the influence of the geomet-
rical set-up causes variances of the range of 0.18 m – 0.42 m, while the groundwater leads to 
a span of the range of 1.08 m – 1.50 m. 
Comparing the differences in the IQR of the pool position due to the layering of the subsoil 
(max ± 0.42 m) with the differences due to enhanced groundwater flow (max. ± 1.50 m), it 
becomes prominent, that the DNAPL pool reacts more sensitive to changes in groundwater 
flow velocity than to changes in the here applied layering of the subsoil. The same trend is 
observed for the pool length.  
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Nevertheless, it has to be emphasized that this sensitivity analysis is strictly restrained to the 
here applied geometrical set-ups and flow velocities. By the conducted scenario modeling it is 
not yet possible to give a universally valid classification. Moreover, it will have to be investi-
gated for each case separately, due to the huge variances in natural soils and in occurring 
groundwater flow velocities, including any spatio-temporal variances on small and large scale.  
4.4 Conclusions 
4.4.1 Homogenous scenario 
In the applied model set-up, the DNAPL body is even affected by groundwater flow velocities 
of vw = 0.05 m/d in its position, its size and its geometrical structure. 
Although the displacement of the DNAPL pool is in the range of some centimetres in the 
small scale 2D models for vw < 1.0 m/d, it seems not to be significant. This would be coher-
ent with the investigations performed by Dekker and Abriola (2000), which conducted their 
investigation on a 2D scale of 10 m length and 5 m depth. But transferring the results to 
field scale problem, it should be investigated more closely. Assuming the same geological set-
ting as in the simulations, the inclined percolation path could lead for 
1.0 m/d < vw < 40.0 m/d to a first occurrence of the DNAPL pool on the bottom of the aq-
uifer of 0.4 m - 16.0 m in downstream direction. Combining this with the displacing and con-
veying effects of the streaming water, which affect the latter pooling DNAPL body, a TCE 
pool could theoretically be transported approx. 5.4 km in downstream direction at 
vw = 1.0 m/d. Of course, this range will be diminished in a natural setting significantly, via 
pooling effects in small depressions, inclined impermeable layers, dissolution processes, en-
trapment in residual saturation, sorption processes, irregular flow fields, and small scale het-
erogeneities, as observed in the laboratory experiments. But the theoretical magnitude of 
these extrapolated values exhibits, that the process has also to be expected on a large scale 
even at low groundwater flow velocities and should be investigated further, being coherent 
with the recommendations of Gerhard et al. (2007). 
Increasing the groundwater flow velocity to values typically encountered in aquifers influ-
enced by artificial activities, e.g. Pump & Treat and drinking water production, or in narrow-
ing alluvial aquifers in the foothill of mountains (vw > 1.0 m/d), the impact of groundwater 
flow velocities significantly affects the DNAPL behaviour during and after the infiltration. 
The effects are an inclined percolation path, and a thinned and displaced DNAPL pool. Pos-
sible consequences for field sites with high groundwater flow velocities will be a shifted posi-
tion within the aquifer, possible new flow paths, a changed geometry of the DNAPL source 
zone and as a result a changed dissolution behaviour and thus a modified longevity of the 
DNAPL source zone. 
4.4.2 Layered scenarios 
In the chosen highly permeable medium, the position and length of the DNAPL pool is more 
sensitive to the applied flow velocities of 5.0 m/d to 40.0 m/d than to the spatial positions of 
the impermeable lenses. Generally, the pool migrates at high groundwater flow velocities 
(vw ≥ 5.0 m/d) less in upstream direction but predominantly in downstream direction. Flow 
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velocities of 10.0 m/d and higher can elongate a DNAPL pool by approximately 30 % regard-
less of the applied geometry of these set-ups and transport it in the downstream direction of 
the original contamination source zone. The applied geometries enhance the displacement of 
the DNAPL pool by 10 % - 29 % compared to the respective homogeneous scenarios. But 
different realizations regarding flow velocity and geometrical set-up can cause the same re-
sults regarding length and position of the DNAPL pool, complicating the determination of 
sensitive parameters. However, the length of the impermeable layers (0.18 m) of the chosen 
set-up is small compared to the overall length of 10.00 m of the model domain. Introducing 
longer capillary barriers would lead to a stronger influence of the layered subsoil regarding 
the position of the TCE pool on bottom of the aquifer. Moreover, the studies revealed that 
the amount of fingering is significantly reduced at high groundwater flow velocities, since the 
higher the groundwater flow velocity the lower the probability for DNAPL passing a lens on 
the upstream site. This would be important for sites characterized by hydraulic connections 
between several aquifers, e.g. in upstream direction of the industrial area, and for estimating 
the contaminated soil volume. 
Additionally, a higher amount of the TCE is stored in the pool on the bottom of the model 
domain instead of remaining on impermeable layers on the percolation path. This will strong-
ly influence the mass transfer and dissolution rates of the DNAPL body. Two intermingled 
aspects are the reason for these geometrical effects on the DNAPL architecture: Firstly, the 
transportation effects of the streaming water, pushing the DNAPL in downstream direction, 
and secondly the higher mass transfer rate due to the higher groundwater flow velocities, 
which dissolves the percolation paths faster than the DNAPL pools (Sale and McWhorter, 
2001; Parker and Park, 2004). 
Transferring the results of the small scale simulations to a field scale problem and assuming 
the same material properties as in the models, it should be expected that the main body of a 
DNAPL contamination will not be in close proximity to the original infiltration point at flow 
velocities of vw ≥ 5.00 m/d, but rather in the downstream area of the surface source zone de-
pending on the elapsed time since the spilling accident. Assuming a 50 m deep aquifer with 
groundwater flow velocities of 5 m/d – 10 m/d the main DNAPL body would reach the bot-
tom of the aquifer not directly below the aboveground contamination source zone. Instead it 
would reach the bottom approx. 5 m in downstream direction due to the inclined percolation 
path induced by the high flow velocities. The first occurrence on the bottom of the aquifer in 
50 m depth would only slightly be influenced by the geometrical setting of the lenses on the 
site scale, if the relative length and position of the lenses are similar to the relation of the 
experimental set-up. From this starting position the DNAPL then migrates with the ground-
water as described for the homogenous settings.  
Encountering multiple aquifer formations at a field site, any position of hydraulic connections 
in the downstream area have to be taken into account for site investigation. Even at consid-
erable distances to the surface contamination point, the DNAPL could reach the hydraulic 
window due to high groundwater flow velocities and be displaced through the interconnection 
to a deeper aquifer. In forming a secondary, deeper source zone, it may hardly or not be ac-
cessible for existing remediation facilities at a site. This may be of vital importance when 
designing site remediation and containment facilities in order to prevent displacement and 
spreading of the contaminant to a larger area or to a deeper aquifer. On the other hand, hy-
draulic connections in the upstream area of the contamination source will be of minor im-
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portance the higher the groundwater flow velocity in the aquifer is as long as the aquitard 
are planar and horizontal. The existence of tilted impermeable layers could though dominate 
the DNAPL flow behaviour even at high flow velocities. 
 
4.4.3 Summary conclusions 
The homogenous and layered scenarios revealed that a DNAPL body can be transported spa-
tio-temporally within a homogenous or layered stratum even at groundwater flow velocity of 
0.05 m/d. High groundwater flow velocities will change the geometry, the architecture and 
mainly the position of a TCE source zone significantly. This leads to a direct impact on the 
dissolution behaviour, the mass transfer rates and thus the longevity of a DNAPL contami-
nation. Especially in areas with high natural groundwater flow velocities, the impacts will be 
numerous. Altered positions of the source zone, changed flow paths, percolation to deeper 
aquifers could all be consequences of high groundwater flow velocities, complicating site in-
vestigation and remediation. Possible influences of artificially enhanced groundwater flow 
velocities, either by Pump & Treat or by drinking water facilities, on a stationary DNAPL 
source zone still has to be investigated.  
4.5 Further prospects 
As next step, a dual approach of scenario and field site modeling of Rho, Italy, will be con-
ducted. The scenario modeling will include large scale simulations of real site materials with 
simplified geometrical set-up, adapted from the real field site. Different scenarios with varia-
tions in contamination mass, spill time period, groundwater flow velocities and heterogeneous 
material distribution will be performed. 
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Published as  
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industrial facility Chimica di Bianchi in Rho / Italy. In: M. Kästner (Editor). 
ModelPROBE report second period (12/2009-05/2011): Workpackage 9.2: Field 
Demonstration and Cross Validation. pp. 187-197. 
5.1 Introduction 
The area of the former industrial facility Chimica di Bianchi in Rho, Italy is characterized by 
high concentrations of dissolved chlorinated solvents in the subsurface. Below the facility two 
aquifers of interest are separated by a several meter thick aquitard. High concentrations of 
the dissolved DNAPLs Tetrachloroethylen (PCE) and Trichloroethylen (TCE) were found in 
the uppermost aquifer Superficiale as well as in the deeper aquifer Prima Falda.  
Two complementing containment and remediation measures are conducted up to date. First-
ly the assumed location of the DNAPL source zone in the uppermost aquifer Superficiale is 
encapsulated from the surface down till the aquitard. Secondly a Pump & Treat facility is 
installed as hydraulic containment for both aquifers. Since the concentrations of the dissolved 
PCE and TCE in both aquifers remained high even after the installation and operation of 
these facilities, there is the possibility that the original DNAPL source zone migrated within 
this multi-aquifer formation in lateral and / or vertical direction even to the deeper aquifer 
Prima Falda. 
One possible pathway could be that the DNAPL was transported by the streaming ground-
water prior to the installation of the containment in downstream direction and possibly mi-
grated through a hydraulic connection to the deeper aquifer Prima Falda(figure 4.10)Another 
pathway could be leakage through the aquitard, if the aquitard turns out to be not complete-
ly impermeable for NAPLs. Both possibilities depend on the material parameters of the geo-
logical stratum, the physico-chemical properties of the DNAPLs and on the groundwater flow 
velocities at the site. Another possibility would include the passage along the steel walls of 
the encapsulation, if they penetrate the Aquitard and reach into the Prima Falda. 
Since the already installed facilities for containment and remediation are neither efficient 
with respect to the remediation aims nor with respect to the operational costs, it is planned 
to install a Permeable Reactive Barrier (PRB) downstream of the contaminant source zone. 
For an effective operation of the PRB, the positioning of the barrier with respect to the loca-
tion of the contaminants is essential and therefore the knowledge of the position of the con-
taminants in the aquifers. 
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Figure 5.1 Potential pathways for DNAPLs at the Rho site: a) potential transport of DNAPL by streaming 
groundwater prior to / after installation of encapsulation including potential passage to deeper aq-
uifer through a hydraulic connection b) migration through aquitard prior to / after installation of 
encapsulation, passage as free phase into deeper aquifer c) migration into aquitard, storage as free 
phase in aquitard, dissolution into deeper aquifer 
There are two different ways to locate a potential migrated DNAPL source zone in the sub-
soil:  
a) Additional site investigation using drilling, Direct Push and geophysical measurement in 
order to directly detect the occurrence of free phase in the subsoil. These techniques are time 
and cost consuming. Moreover, drilling and Direct Push will only deliver spatial point data, 
while geophysics can cover a wider area but with varying accuracy regarding resolution in 
depth.  
b) Multiphase model driven site assessment, which is used in this investigation: Based on the 
already available datasets of previous investigations of the site, varying scenario models of 
the geology, the hydrogeology and of the multiphase transport of occurring DNAPLs are 
conducted:  
− Modeling the geology from borehole datasets in order to locate preferential flow paths 
and potential hydraulic connections between the two aquifers. 
− Modeling the multiphase transport of the DNAPLs with respect to the groundwater 
flow velocities of the aquifers in order to reconstruct the pathways of the DNAPL in 
the past and to locate the present day DNAPL source zone. 
The accuracy of the modeling primarily depends on the quality and data density of the pri-
mary datasets, on the applied modeling software and its limitations, on the performance of 
the computers at hand and of the necessary simplifications which have to be applied. 
Modeldriven site assessment is not a single tool at hand, but moreover a cost effective and 
time efficient instrument to supplement field site investigation and the decision making pro-
cess regarding potential site investigation and site remediation. 
5.2 Methodology of multiphase model driven site assessment 
Multiphase model driven site assessment combines varying pre-existing datasets to create a 
three-dimensional model of the subsurface of the subsoil (figure 4.11). Depending on the pri-
mary task, different point of interests can be investigated. Incorporated informations are ob-
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tained by historical site investigation, literature studies and data from classical site investiga-
tion campaigns.  
 
 
Figure 5.2 Sketch of principle methodology of model driven site assessment 
In the first step, all available information of pre-existent sources is collected and analyzed. 
Historical site investigation provides informations on the variety of contaminants, approxi-
mated contaminant mass, contamination history and location of potential source zone, e.g. 
buildings and facilities. Data of physical site investigations, provided e.g. by Direct Push, 
drilling or geophysics, supply informations about the geological stratum, its stratigraphic-
hydraulic units and their spatial extends.  
Based on the data of the physical site investigation, a geological – hydrogeological field site 
model is constructed, visualizing distributions and / or significant data gaps. If the quality of 
the geological site model is sufficient, the multiphase model regarding the contamination his-
tory is included. If the quality is not sufficient to answer the main point of interest, a new 
field campaign or scenario modeling of the unknown parameters should be conducted. The 
same sufficiency loop has to be followed regarding the data quality of the multiphase model, 
until the data quality is acceptable, or the scenarios can statistically be evaluated. 
5.2.1 Historical site investigation and literature studies 
During an operational time of at least 50 - 75 years, the facility Chimica di Bianchi mainly 
produced chlorinated solvents, like PCE and TCE (Leccese et al., 2007). The primary leakage 
point seemed to be a former disposal basin of 10 m × 10 m (figure 4.12) leading to a maxi-
mum contamination of 180 mg/l TCE and 50 mg/l 1,1,2,2-tetrachlorethane in dissolved form 
in the underlying aquifers (Werban et al., 2007). Several sampling campaigns over the last 
years (Leccese et al., 2007) indicated the presence of a DNAPL pool as long-term source 
zone, which probably migrated to the underlying aquifer Prima Falda (Bozzano et al., 2007). 
In the 1980s the former disposal basin was encapsulated by placing impermeable steel walls 
through the whole thickness of the aquifer Superficiale, using the aquitard as a bottom seal. 
Furthermore, a Pump & Treat hydraulic containment was installed in approx. 2005 in both 
aquifers downstream of the former industrial site.In full operation, the overall 19 wells could 
increase the groundwater flow velocity in the Superficiale up to ca. 1.8 – 2.0 m/d. Due to the 
high operational costs of the Pump & Treat facility it is right now not running with its full 
capacity (personal communication M. Petrangeli Papini). 
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Figure 5.3 Position of industrial site and Pump & Treat facility (Coordinates in GAUSS-BOAGA; source: GOG-
GLE EARTH, 2010, edited) 
5.2.2 Geological site modeling based on pre-existing data 
The following description of the geological and hydrogeological characterisation is the combi-
nation of three different sources, which were analyzed and interpreted for the investigations:  
Literature studies of previous scientific investigations, existing MODFLOW models provided 
by La Sapienza University Rome, Italy and by geological modeling (using GMS 6.5, per-
formed at CAU Kiel, Germany) based on the same dataset as the MODFLOW models. 
The site is quite well investigated on a regional scale regarding the geological composition of 
the subsurface with a total of over 260 boreholes on an area of 16 km² in the surroundings of 
the industrial site. But 50 % of the boreholes are with an incomplete geological description 
and additional 10 % are only 1 m deep. Furthermore, the boreholes are not evenly distribut-
ed over the area of interest, but clustered at specific location, resulting in a decreased preci-
sion of the modeling. The resulting usable borehole dataset consists of 165 drillings, which 
reflects 9 boreholes per square kilometer. 
The dataset of these drillings includes the original geological description of the materials as 
well as an already existing definition of the materials as Aquifer Superficiale, Aquitard and 
Aquifer Prima Falda. Based on this pre-processing of the data, two different types of site 
models were developed:  
− Geological-geostructural model using the original dataset and grouping the materials 
due to their geological descriptions into aquifers (gravel and sand) and aquitards (silt 
and clay) 
− Geohydraulic modeling of the predefined hydraulic units Superficiale, Aquitard and 
Prima Falda. 
Due to the differing approaches, the results of the model vary, especially in the spatial distri-
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Hydrogeological set-up of the area Rho 
The Rho region is geologically characterized by alluvial and glacial-fluviatile quarternary 
sediments (Bozzano et al., 2007) of widely varying grain size. The area is hydrogeologically 
characterized by a multi aquifer formation of an unconfined aquifer, called Superficiale, sepa-
rated by a several meter thick Aquitard from a second confined aquifer, called Prima Falda.  
Unsaturated zone and Superficiale 
The first ten meters below ground surface (bgs) consist of gravel-sandy material with a low 
content of silty and clayey material. The uppermost 4 – 6 meters are unsaturated, followed 
by the phreatic uppermost aquifer Superficiale. The literature studies denotate a porosity of 
20 % and a hydraulic conductivity ranging from 1 × 10-6 m/s to 1 × 10-2 m/s (table 4.8). 
General groundwater flow direction is from NNE to SSE with a natural groundwater flow 
velocity of approximately 1 m/d.  
Aquitard 
At about 10 m bgs a discontinous clay layer (Aquitard) of thickness ≤ 5 m separates the Su-
perficiale from the semi-confined aquifer Prima Falda. The Aquitard consists mainly of clay, 
but is according to literature studies and geological modeling of the sites interrupted in irreg-
ular intervals. In general the Aquitard is characterized by a max. thickness of five meters and 
a hydraulic conductivity of 1 × 10-9 to 1 × 10-7 m/s.  











Superficiale gravel, sand - 0,26×10-2 - 1,5×10-2  (a) 
1×10-4 - 3,3×10-4  (a) 
3×10-4 - 3×10-2(b) 
10-6(c) 
20  (a) 
Aquitard clay - - 
7.0×10-8 (vertical)  (a) 





0.6  (a) 0,26×10-2 - 1,5×10-2   (a) 
1×10-4 - 3,3×10-4  (a) 
2×10-4 - 8×10-4(b) 
10-6(c) 
20  (a) – 45  
(c) 
 
-  noinformation in literature 
(a) Beretta et al. (2005) 
(b) Bozzano et al. (2007) 
(c) Leccesse et al. (2007) 
For the structural geological modeling of the area, the spatial density of primary data points 
was not sufficient to verify a general distribution or to define the accurate location of gaps in 
Aquitard in the model. Especially in the downstream area of the industrial site, the geostruc-
tural model exhibits no occurrence of the Aquitard at all, possibly due to the missing bore-
hole data (figure 4.13). 
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Figure 5.4 Example of varying models based on different classification of primary dataset: a) distribution of 
hydraulic defined Aquitard. b) Distribution of geological defined aquitard, consisting of silt and clay 
layers. Detail of model domain. 
For modeling groundwater flow and DNAPL distribution, a continuous distribution of all the 
layers had to be assumed. Potential gaps in the Aquitard have to be constructed manually by 
assigning respective material parameters to the specific areas. Both ways, calculating with an 
ubiquitous Aquitard and / or including the gaps manually will lead to uncertainties in the 
modeling, but represent two acceptable scenarios based on the available primary dataset.  
Applying this boundary condition, the top of the assumed ubiquitous Aquitard is inclined 
from north to south by 0.7 % and is characterized by indentations and ridges of maximum 
three meters difference in height, creating preferential flow paths and potential geometrical 
sinks for the DNAPLs (figure 4.14). 
 
 
Figure 5.5 Topography and thickness of assumed ubiquitous Aquitard on top of the Prima Falda (cut off at 
depth = 125 m), Superficiale not shown, height super-elevated by factor 15 
Prima Falda 
The second aquifer Prima Falda, below the Aquitard, has an average thickness of ca. 35 m. It 
consists mainly of coarse grained sandy and gravely material with isolated silty-clayey lenses 
of limited extension. Porosity ranges between 20 % and 45 % and hydraulic conductivity 
between 1 × 10-6 m/s to 1 × 10-4 m/s, corresponding to the values of the Superficiale 
(Bozzano et al., 2007; Leccese et al., 2007). Due to the interrupted clay layer of the Aquitard 
between the Superficiale and the Prima Falda, there are phreatic conditions as well as con-
fined conditions at a regional scale for the Prima Falda (Bozzano et al., 2007). The general 
groundwater flow direction is from NW to SE, with a general hydraulic gradient of 0.6 % and 
a median groundwater flow velocity of approximately 1.8 m/d. 
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The Prima Falda is confined in further depth by a ca. 5 - 10 m thick silty-clay layer, which is 
inclined by 0.7 % towards south (Beretta et al., 2005).  
5.2.3 Multiphase modeling of potential DNAPL pathways 
Possible transport of DNAPLs due to groundwater flow within the aquifer 
As a first step, small scale multiphase modeling was used to qualify and quantify the influ-
ence of thirteen different groundwater flow velocities in a homogenous permeable medium to 
verify or falsify a possible transport of the DNAPLs by the streaming water in downstream 
direction. TCE was chosen as representative DNAPL.  
The models were calibrated by means of small scale laboratory experiments and covered the 
whole range from 0 m/d up until 40 m/d of groundwater pore velocity (vw). The reader is 
referred to Luciano et al. (2010) for details of the set-up and the results of the laboratory 
experiments, and to Erning et al. (2010a) for details of the multiphase modeling. 
As evidenced in the laboratory experiments, there is a clear impact of the applied pore veloc-
ity on the percolation path and the position of the pooling DNAPL (Luciano et al., 2010). 
Applying the multiphase software TMVOC, it could be proven that the DNAPL TCE is even 
influenced at vw ≥ 0.05 m/d in its spatial distribution, its extent and its maximum satura-
tion. These are also important factors for the dissolution kinetics of NAPLs and the longevity 
of a DNAPL source zone, respectively. Moreover, even at this low groundwater flow veloci-
ties, the DNAPL is transported by the streaming water in downstream direction (Erning et 
al., 2010a). 
However, the impacts of groundwater flow velocities of vw < 1 m/d seemed not to be of great 
significance on the investigated spatio-temporal scale of five hours simulation time in a small 
2D model of 0.6 m depth and 10 m length.  
Furthermore, the impact of a layered stratum was investigated, as for instance represented 
by silty and clayey lenses in a sandy aquifer. In the range of vw = 0 – 5 m/d, the effects of 
the applied layered stratum superimposes the effects of an enhanced groundwater flow veloci-
ty (figur 4.15). At groundwater flow velocities higher than 5 m/d, the effects of the streaming 
water are the dominant process in defining the position and the extent of a DNAPL source 
zone.  
This small scale multiphase modeling investigations elucidated that a transport of the 
DNAPLs in the uppermost aquifer Superficiale due to the natural groundwater flow velocity 
could have been possible with respect to material parameters and groundwater flow velocities 
at the Rho site. 
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Figure 5.6 Spatial position of TCE at t = 6 000 s (end of infiltration period) for increasing groundwater flow 
velocities and subsurface geometries, cross marks infiltration point, detail of model domain 
(1.5 m < X < 4 m), groundwater flow from left to right 
 
Possible migration of the DNAPL through the aquitard between the two aquifers 
Conceptual model 
To reveal the principles of DNAPL migration through potential aquitards, the spreading be-
haviour of TCE in an enhanced 2D model with the dimensions 500 m × 1 m × 11 m in the 
directions X, Y and Z was investigated. The X-direction is parallel to the groundwater flow 
in the uppermost aquifer Superficiale. The material parameters of the uppermost six meters 
of the model represent the Superficiale, the following five meters in depth represent different 
aquitard materials, ranging from silty-clayey sand to dense clay (cf. table 4.8 & 4.9). By de-
creasing the vertical permeability of all layers by a factor of ten in comparison to the hori-
zontal permeability for the simulations on this natural field site scale, it was possible to re-
build effects of a stratified medium, like it is encountered in reality, in a simple and roughly 
approximated way. The whole model domain is fully water saturated. 
The top of the aquitards are assumed in first approximation to be horizontal and planar. The 
second aquifer Prima Falda was not included into the model in order to save runtime. But if 
the DNAPL passes through the aquitard material and pools on the bottom of the model do-
main, it would imply for a passage of the DNAPL into the deeper aquifer Prima Falda. 
The spill area is located in the model at the top with a distance of 125 m to the left side / 
inflow of the model. The distance from the spill point to the right side of the model / outflow 
sums up to 375 m and is the same as the distance at the field site between the former indus-
trial facility and the Pump & Treat installation. Therefore, it implies that if the DNAPL 
leaves the model domain in the downstream direction (right side of the model), it would pass 
the present day position of the Pump & Treat facility, either prior to or after the installation 
of the wells, since they never operated with full capacity. 
The model was discretized with a resolution of 1 m in all three directions, resulting in an 
overall cell number of 5 500 cells and keeping the runtime in an acceptable range of 1 –
 2 days. 
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Table 5.2 Material parameters of the different applied aquitards 
Name AQUIT A AQUIT B AQUIT C AQUIT D 
Geology 
Silt, sandy silt, 
clayey sand, till 
Clay 
Silty sand, fine 
grained sand 
Clay 
Effective porosity 0.02 0.02 0.02 0.02 
Horizontal Intrinsic permeability (m²) 1.0 × 10-15 1.0 × 10-19 1.0 × 10-13 1.0 × 10-17 
Vertical Intrinsic permeability (m²) 1.0 × 10-16 1.0 × 10-20 1.0 × 10-14 1.0 × 10-18 
Horizontal hydraulic conductivity (m/s) 1.0 × 10-8 1.0 × 10-12 1.0 × 10-6 1.0 × 10-10 
Vertical hydraulic conductivity (m/s) 1.0 × 10-9 1.0 × 10-13 1.0 × 10-7 1.0 × 10-11 
 
Boundary Conditions of multiphase model 
Two different flow velocities were applied to the model by first order boundary conditions 
regarding the hydraulic head at the inflow and outflow of the model:  
− As a base case, every scenario was calculated without groundwater flow.  
− As a next step, a groundwater flow velocity of 1 m/d was applied, which represents 
the natural flow field in the Superficiale without the operating Pump & Treat facility.  
Thus the two different scenarios regarding the groundwater flow velocity cover as minimum 
and maximum scenario the whole range of the expected natural groundwater flow velocity at 
the Rho site.Since there is no information on the spill rate, a total spill of 50 t from the dis-
posal basin to the aquifers was assumed, comparable to similar contaminations in Germany 
(Grandel and Dahmke, 2008). The spill rate was simulated in two different scenarios: Firstly 
we assumed that the total mass was spilled in a relatively short time frame of 25 years, re-
sulting in a spill rate of 2 tons per year. Secondly, a leakage time of 50 years was applied, 
resulting in an input of 1 ton TCE per year into the scenario. After each simulated spill time 
period, the infiltration was deactivated and the further distribution process of TCE in the 
subsoil was analyzed for additional 50 and 25 years, respectively. The resulting 75 years in 
overall simulation time for both spill scenarios correspond hereby to the operational time of 
the industrial facility from approx. 1910 up until the installation of the impermeable barrier 
around the former contaminant spill area.The variations in the input parameters for the sim-
ulations resulted in a total of sixteen differing scenarios in 2D.  
5.2.4 Results and Discussion 
Since the main point of interest is the present position of a potential undetected DNAPL 
source zone, the focus is put on the presentation of the results on the position and length of 
the DNAPL pool in the model domain at the end of the simulated time period at 
t = 75 years.  
The DNAPL pool is defined as the area with a saturation of the DNAPL TCE higher than 
the residual saturation and thus of the still mobile part of the DNAPL. The residual satura-
tion for the applied geological media is defined for the simulation as Sr = 0.05, corresponding 
to an occupation of 5 % of the available pore space of the stratum and consistent with litera-
ture studies of corresponding materials (Falta et al., 1995; Pruess and Battistelli, 2003). If 
the saturation of the DNAPL declines to values Sr ≤ 0.05 , the DNAPL would be trapped in 
the porous medium and could only be influenced by subsequent dissolution processes. 
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As it can be seen in the figure 4.16, the location of the DNAPL source zone after 75 years of 
industrial operation depends primarily on two parameters:  
− Geological properties of the aquitard 
− Groundwater flow velocity in the aquifer Superficiale. 
The influence of the mass spill rate is in relation to the other aspects not significant and will 
not be discussed in detail here. 
Depending on the material parameters, the Aquitard between the uppermost aquifer Superfi-
ciale and the deeper aquifer Prima Falda would only be an effective aquitard for the 
DNAPL, if it consisted of pure clay. The realisations B and D both represent such a scenario. 
In the base case scenario without groundwater flow the DNAPL migrates vertically through 
the Superficiale and accumulates on top of the aquitards B and D in proximity to the spill 
point. The pools stretch over ca 200 – 310 m on top of aquitard B and over 222 – 301 m on 
top of aquitard D, with the main mass center directly below the former industrial area.  
Applying the documented groundwater flow velocity of Rho of vw = 1 m/d to the model do-
main, the pool is transported downstream and the DNAPL body is significantly diminished 
in its volume and mass due to enhanced dissolution processes as a consequence of the stream-
ing water. The pools are either positioned at vw = 1 m/d at approx. 275 m < X < 500 m or 
reduced to values below residual saturations, due to enhanced dissolution processes, when 
infiltrating 50 tons TCE over 50 years instead of 25 years.  
In the realisations A and C of the aquitard, the material is only a slight barrier for the pass-
ing DNAPL. The mass centre is positioned within the aquitard after 75 years of simulation, 
the position depending on the applied groundwater flow velocities.  
In both cases A and C, the DNAPL migrates through the whole thickness of the aquitards, 
implying a passage to the deeper Aquifer Prima Falda and a continued transport in down-
stream direction with the general groundwater flow direction of the Prima Falda. Since the 
realisations A and C are quite permeable, the DNAPL is additionally transported within the 
aquitards with the streaming groundwater. 
As aquitard C is represented by a higher permeability, the DNAPL is distributed over a wid-
er area than in realisation A and the downstream transport is enhanced. Defining the posi-
tion of the pools is not sensible for the field site application, because any pooling on the bot-
tom of the aquitard would not 
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Figure 5.7 Lateral distribution of TCE in scenarios aquitard A - D at the time steps 25 yrs, 
50 yrs and 75 yrs, at vw = 0 m/d and vw = 1 m/d and with seepage periods (spill 
times) of 25 years and 50 years. 
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develop in such an extent at the real field site, since the DNAPL would migrate to the deep-
er aquifer Prima Falda. 
5.3 Conclusion 
In the simplified 2D multiphase model of the Rho site two aspects are prominent: The verti-
cal distribution of the DNAPL depends on the permeability of the Aquitard. The lateral dis-
tribution depends on the groundwater flow velocities in the aquifers. 
Since information on the geological parameters of the Aquitard at the site vary widely be-
tween and within literature studies and borehole datasets, a definite modeling is not yet pos-
sible. Instead four different realisations of the documented aquitard material were modelled, 
two of them representing typical clays, two representing silty-clayey sand and silty sand. In 
the later two of the four scenarios the DNAPL passes through the aquitard. Transferring 
these results to the field site, it implies a migration of the main DNAPL source zone to the 
deeper aquifer Prima Falda.  
However, if the Aquitard at Rho consists mainly of clay, the DNAPL could have pooled on 
top of it in the last 75 years and would have been transported with the natural groundwater 
flow in downstream direction. As a consequence it is possible that only a part of the original 
source zone was encapsulated in the 1980s, while the main mass remained undetected in the 
downstream area. These undetected pools could furthermore sink through a hydraulic con-
nection in the downstream area to the deeper aquifer Prima Falda. 
A combination of several aspects, irregular distribution of the permeability of the Aquitard 
parameters and a possible hydraulic connection for instance, could have been intermingled at 
the site as well.  
The next step in the multiphase model driven site assessment would be an additional field 
investigation via Direct Push or geophysics, since the multiphase model exhibited that a 
main point of interest needs to be on a better definition on the Aquitard material. Direct 
Push and borehole geophysics could deliver valuable informations about the material param-
eters of the Aquitard, while the spatial distribution of the Aquitard and potentially even the 
distribution of the DNAPL could be mapped by ground surface geophysics.  
For the positioning of the new field investigations, the geostructural model of the region 
functions as a guideline, by exhibiting the most prominent geological data gaps at the site. 
The multiphase model provides a first approximation of the potential location of the DNAPL 
source zone. Although definite locations can not be provided at this early state of multiphase 
model driven site assessment, it elucidates that one should be prepared to investigate even in 
longer distances in lateral and vertical direction to the original spill area.  
However, multiphase modeling requires detailed and extensive data input as well as time-
intensive computer performances. In order to model one specific field site exactly, infor-
mations on all materials, their spatial distribution, the exact time period of the leakage of the 
contaminants as well as the primary amount of contaminant mass is necessary. Investigations 
to obtain all these information are neither cost-efficient nor time-effective, nor would the 
runtime of the simulations be. Therefore simplifications and approximations have to be ap-
plied to the multiphase models. Nevertheless, even this simplified models can be of substan-
tial support for the decision making process at a brownfield site and a sensible complementa-
tion to different methods of physical site investigation.   
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6 Multiphase modeling of the impact of groundwater 
pore velocities on DNAPL migration in the multi-
aquifer formation of Rho, Italy 
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Erning, K., Dahmke, A. and Schäfer, D. (2013 (submitted)): Multiphase modeling of the 
impact of groundwater flow velocities on DNAPL migration in the multi-aquifer 
formation of Rho, Italy. Italian Journal of Engineering Geology and Environment. 
Abstract 
2D multiphase modeling of DNAPL behavior in realistic subsurface morphology of the former 
industrial site Chimica di Bianchi provided evidence, that moderate groundwater pore veloci-
ties are sufficient to transport a TCE phase body over large distances in the downstream 
direction. In the investigated model set-up, the DNAPL was found to be able to counteract 
the morphological effects of a slope of 2.5 ° and leave depressions and trenches. The dis-
placement depends directly on the encountered hydraulic pressure regime. Moreover, only 
materials with a hydraulic conductivity lower than 1 × 10-9 m/s were impermeable to the 
DNAPL over a time period of 75 years. 
The modeling approach presented in this study provides an explanation for the inaccurate, or 
often even unknown, position of DNAPL source zones at many industrial sites. Furthermore, 
by narrowing down possible locations, the simulations proved to be a valuable tool for both 
investigation and remediation activities of DNAPL contaminated sites.  
Keywords: Multiphase modeling, DNAPL, TCE, groundwater velocity, morphology, aquitard 
6.1 Introduction 
Many industrial sites worldwide suffer from industrial contaminations. The most common 
organic contaminants are chlorinated solvents (Hassanizadeh et al., 2004; Moran et al., 2006; 
Grandel and Dahmke, 2008; Umweltbundesamt, 2011). Based on estimations of Hassanizadeh 
et al. (2004), more than 6 800 tons of chlorinated solvents were spilled in the U.S.A. between 
the years 1998 and 2001 due to accidents or improper handling. In Germany, they are the 
main contaminants at more than 9 000 sites (Grandel and Dahmke, 2008; Umweltbundesamt, 
2011). 
Chlorinated solvents pose a significant challenge to site investigation and remediation, be-
cause most of them are Dense Non-Aqueous Phase Liquids (DNAPLs) due to their physico-
chemical properties. When DNAPLs are released to the environment, they infiltrate into the 
subsurface and move predominantly downwards within the subsoil. DNAPLs will move in the 
subsoil as long as sufficient mass is available or until they are stopped by an impermeable 
barrier. Often they accumulate in morphological sinks within low and impermeable materials, 
6 Multiphase modeling of the impact of groundwater pore velocities on DNAPL […] 
 
79 
e.g. depressions and trenches of an aquitard. Based on various investigations of the last dec-
ades (Mackay et al., 1985; Kueper and Frind, 1988; Schwille, 1988; Kueper et al., 1989; 
Mercer and Cohen, 1990; Powers et al., 1994b; Illangasekare et al., 1995; Pankow and 
Cherry, 1996; Helmig, 1997; Bradford et al., 1998; Dekker and Abriola, 2000; Abriola and 
Lemke, 2002; Bradford et al., 2003; Gerhard and Kueper, 2003b; Jawitz et al., 2005) it is 
assumed that the DNAPL movement is solely influenced by its physico-chemical behavior 
and by the material of the subsoil. Considering these information when creating a conceptual 
model for site investigation and remediation, it is often not possible to explain or define the 
distribution of DNAPLs and their dissolved components at industrial sites. A typical example 
for this problematic case of site investigation is the former industrial site Chimica di Bianchi 
in Rho, Italy. Based on current knowledge about DNAPL behavior in the subsoil, it is not 
possible to explain the distribution of dissolved contaminant measured at monitoring wells. 
The Rho site is characterized by decades of production of dyes, which caused mainly contam-
inations with perchloroethylene (PCE) and trichloroethylene (TCE). The factory was located 
on a multi-aquifer formation with an assumed impermeable aquitard at approx. 5 - 10 m be-
low ground surface. Spent DNAPLs were disposed in an open basin, assuming harmless volat-
ilization. In the 1980s the assumed hot spot of DNAPL contamination in the upper aquifer 
was encapsulated. The encapsulation system was rooted in the aquitard below the former 
disposal basin and concentrations of dissolved contaminants in the upper aquifer decreased 
over the next years as expected. But concentrations of dissolved PCE and TCE in the deeper 
aquifer remained unchanged high. Based on the conceptual model there are several explana-
tions: 
The encapsulation system may be permeable in vertical direction, due to penetration of the 
bottom sealing aquitard during installation. The bottom sealing aquitard may be not contin-
uously present below the assumed hot spot. Both aspects would explain reduced concentra-
tions in the upper aquifer and still enhanced concentrations in the deeper aquifer. But based 
on our previous investigations (Luciano et al., 2010; Erning et al., 2012), there may be an-
other explanation: The DNAPL was not present at the assumed hot spot, when it was encap-
sulated in the 1980s, but was transported downstream by natural groundwater pore velocity 
of approx. 1 – 2 m/d.  
Previously conducted small scale laboratory (Luciano et al., 2010) and multiphase modeling 
investigations (Erning et al., 2012) have shown that high groundwater pore velocities can 
significantly influence the movement and distribution of the DNAPLs TCE and HFE-7100 
(3M, 2005) in water saturated porous medium. The DNAPL was transported in downstream 
direction in each scenario as direct consequence of the enhanced pore velocity. Considering 
the implications of the conducted small scale investigation for real field sites, several issues of 
real field site geology are still unaddressed: potential large amount of spilled contaminants, 
unknown spill mass and spill time, morphologic effects of impermeable layers (depression, 
trenches, ridges), natural groundwater flow velocities.  
Considering a real field site, estimated amounts of contamination spills range between a few 
hundreds of kilograms and more than 250 tons (Grandel and Dahmke, 2008). The time scale 
of contaminant spill is generally estimated to be at least decades for most chlorinated sol-
vents. We assume that there will be a significant impact on the position of the DNAPL due 
to the groundwater pore velocity at large scale. 
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Moreover, it is generally assumed, that DNAPLs accumulate in depression forming pools, 
which remain immobile independently of the groundwater flow velocity. Based on the previ-
ous laboratory and model investigations we assume that high hydraulic pressure as enhanced 
groundwater pore velocities can hinder pooling effects of DNAPLs and may even “push” them 
upwards against the inclination of impermeable barriers. It could also be possible, that the 
documented aquitard is not impermeable for DNAPLs, but exhibits a slight long-term per-
meability. 
These three hypotheses are tested in a realistic 2D cross section of the subsurface of the for-
mer industrial site Rho. Twenty-six scenarios with varying material parameters are modeled 
with the multiphase modeling software TMVOC (Pruess and Battistelli, 2002). Influences of 
varying groundwater pore velocity on position, mass and volume of the DNAPL TCE are 
quantified and statistically analyzed.  
The overall aim of he conducted study is to advance our understanding of DNAPL behavior 
in the saturated zone at real field sites and to improve site investigation and remediation 
processes. It may even illuminate one of the most important questions of site investigation 
and remediation: Where is the long time source zone of DNAPLs? 
6.2 Methods 
6.2.1 Field site  
The reference site is located in Rho, Italy close to the north west of Milano and contains the 
former industrial area of Chimica di Bianchi. The industrial site comprises approx. 0.16 km² 
with a surrounding investigation area of 1.8 km² (figure 1). 
 
 
Figure 6.1 Area of interest, overlaid by aerial picture (adapted from Google Earth, 2010), coordinates in 
Gauss-Boaga 
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The Rho region is characterized by alluvial and fluvio-glacial quaternary sediments (Bozzano 
et al., 2007) of widely varying grain size (table 1). At the site, there are two interconnected 
aquifers of interest (Superficiale and Prima Falda), which are separated by an interrupted 
thin clay layer (Aquitard) at approx. 5 – 10 m depth. In further depth, the deeper aquifer 
Prima Falda is confined by an impermeable silty-clay layer approx. 55 – 65 m below ground 
surface level (bgsl). Due to the interrupted clay layer of the Aquitard at the regional scale, 
there are both phreatic and confined conditions for the Prima Falda. According to Beretta et 
al. (2005) and Bozzano et al. (2007), a vertical discharge of ca. 40 m³/a has to be expected 
from Superficiale to Prima Falda. It is still unknown, whether the aquifers are also intercon-
nected at a local scale or even directly within the area of interest. 
 
Table 6.1  Range of hydrogeological parameters at the Rho Site from, provided by literature studies (Beretta 
et al., 2005; Bozzano et al., 2007; Leccese et al., 2007) 
Name hydraulic unit material 
thickness  
[m] 
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During an operational time of at least 50 years, the facility Chimica di Bianchi mainly pro-
duced chlorinated solvents, like PCE and TCE (Leccese et al., 2007). The most probable 
leakage point seems to be a former disposal basin of 10 m × 10 m, leading to an aqueous 
contamination of up to 180 mg/l TCE as dissolved phase in the deeper aquifer Prima Falda 
(Werban et al., 2007), whereas concentration range at values < 100µg/l in the shallower aq-
uifer Superficiale (Leccese et al., 2007). 
However, both the timeframe and the probable amount of spilled DNAPLs are unknown. 
In 1982 the hotspot of the former disposal basin was encapsulated (Leccese et al., 2007) and 
the containment system was embedded in the assumed Aquitard. Additionally, one emergen-
cy well and a well gallery with 19 wells were installed downstream of the hotspot in order to 
capture the plume. The emergency well is installed approximately 50 m downstream of the 
former disposal basin and the well gallery ca. 375 m in downstream direction, i.e. to the 
South-East (figure 4). As far as the authors know, the well gallery never operated at full ca-
pacity, while the emergency well operates continuously. 
Several sampling campaigns over the last years (Leccese et al., 2007) indicate the presence of 
a DNAPL pool acting as long-term source zone, which probably migrated to the underlying 
aquifer Prima Falda (Bozzano et al., 2007).  
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6.2.2 Primary data 
The primary data for the multiphase modeling is a borehole dataset of varying sources (uni-
versities, municipal and federal government) including more than 250 boreholes of the Rho 
region. The data set contains soil classification, characterization of the hydraulic units Super-
ficiale, Aquitard and Prima Falda and water table elevation. Each classified hydraulic unit 
comprises several classes of permeabilities (cp. table 1), which act overall either as aquifer or 
aquitard, but are not homogenous within. Hydraulic heads were obtained via groundwater 
monitoring from 1996 until 2006, indicating a general groundwater flow in Superficiale from 
NNW to SSE. Based on the classification of the hydraulic units, a 3D structural-geological 
model of the area (figure 2) was constructed in GMS – Groundwater modeling software 
(Aquaveo, 2012).  
The three units Superficiale, Aquitard and Prima Falda dip from north to south by approx. 
0.4 %. Average thicknesses are ca. 7 – 9 m for Superficiale, 1 – 8 m for Aquitard and ca. 
45 m for the deeper aquifer Prima Falda. While the top of Superficiale (figure 2) shows only 
minimal morphology, the top of the aquitard is characterized by trenches and depressions 
(figure 3). The first trench elongates from NW to SE through the former industrial site. A 
second trench with E – W orientation interconnects below the industrial site with the first 
one and forms a depression directly below the former disposal basin. The depression is sepa-
rated from the first trench in south-eastern direction by a small ridge of 4 m height. The 
northern half of the aquitard forms a slight plateau, caused by the east-west trench. The 
morphology of the top of the deeper aquifer Prima Falda follows partly the topography of the 
aquitard, showing inversely the main features of trenches and depressions. 
 
 
Figure 6.2 Perspective view of Modflow model, all hydraulic units, z-magnification 1 :  25 
 




Figure 6.3 Perspective view of Aquitard and Prima Falda (Superficiale not shown), z-magnification 1 : 25 
6.2.3 Geometry of multiphase model 
A 2D cross section parallel to groundwater flow was cut through the hydraulic 3D model and 
the geometries and properties of the respective layers transformed for upload into the multi-
phase modeling software TMVOC. Before data import, the layers were recalculated in their 
geospatial system, setting the beginning of the 2D cross section to the values x = 0 and 
y = 0, resulting in sets of x - normalized plains with the original heights of the morphology 
of the subsoil hydraulic units (figure 4) in meter above mean sea level (m amsl). The layers 
were uploaded into TMVOC and defined by varying sets of material parameters (cf. table 2), 
creating a 2D cross section for multiphase modeling. The 2D cross section starts 605 m up-
stream of the disposal basin and has an overall length of 1400 m. The maximum height is 
51 m. 
The 2D cross section was discretized into 560 cells in x – direction (cell length = 2.5 m) and 
1 cell in y – direction (cell length = 1 m). The discretization in z – direction (depth) has no 
uniform spacing, but was defined as five rows per hydraulic unit. Thus the thickness of the 
cells varies between decimeters for the Aquitard and several decimeters to meters for the aq-
uifers Superficiale and Prima Falda.  
The unsaturated zone was not included in the modeling process because a) the extent of re-
tardation and degradation processes within the zone are unknown, and b) the modeling of 
unconfined aquifer and vadose zone is at least by a factor 50 more runtime consuming. The 
upper aquifer Superficiale was therefore cut off at the water table elevation.  
The average cell number is a minimum of 5 600 up to the maximum of 21 600, requiring a 
runtime of hours to several days on an Intel quad core PC (3.00 GHz, 3.25 GB RAM). 
6 Multiphase modeling of the impact of groundwater pore velocities on DNAPL […] 
84 
 
Figure 6.4 2D cross section converted for multiphase modeling 
6.2.4 Hydraulic conditions and material parameters 
The groundwater flows from left to right in all scenarios and is controlled by fixed pressure 
conditions and water head elevations, respectively, in the boundary cells.  
Three consecutive steps were performed for setting up the scenarios:  
In order to investigate the influence of hydraulic conditions, the initial material parameters 
for the upper aquifer Superficiale were at first set to the median of documented material pa-
rameters and a mean groundwater flow velocity of 1 m/d (Superficiale # 3, table 2). Then, 
the water table was fixed at the documented hydraulic heads of the reference site and the 
material parameters of Superficiale were adapted to obtain, with the given hydraulic head, a 
mean groundwater pore velocity of 1 m/d (Superficiale # 4). In order to investigate the in-
fluence of the material parameters, the hydraulic conductivity of the Superficiale was then 
varied by four orders of magnitude (Superficiale # 1, # 2, # 5 and # 6) by adapting values 
of porosity and intrinsic permeability. 
Overall six varying materials were thus tested as aquifer Superficiale. By this, the range of 
documented materials for the aquifer should be represented and possible influences of the 
geological description as well as of the hydraulic pressure system determined.  
The documented geological description of the borehole data set for the so-called Aquitard 
ranges over several classes of hydraulic conductivity. Since the spatial distribution of the 
materials is not known in detail for the Aquitard, five possible materials from silty sand (Aq-
uitard # a) to pure clay (Aquitard # e) were modeled (table 2).  
Because the movement of DNAPLs is defined by capillary pressure (pc) and relative permea-
bility (kr) in dependency of the saturation (S) of the respective fluids, each material requires 
its own formulation of pc - S and kr - S dependencies. Well-documented formulations (Falta 
et al., 1995; Pruess and Battistelli, 2002; Pruess et al., 2002) for the pc – S and kr – S func-
tions were chosen according to Parker and Lenhard (1987) and Stone (1970) and adapted to 
the applied materials according to (Falta et al., 1995) and Pruess and Battistelli (2002).  
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Table 6.2 Material parameters of scenario modeling 





maximum   pore 
velocities [m/d] 
Superficiale # 1 Fine grained sand 0.300 5.90E-04 0.01 
Superficiale # 2 Medium to coarse grained sand 0.200 1.00E-03 1.00 
Superficiale # 3 Coarse grained sand 0.300 5.90E-03 0.07 
Superficiale # 4 
Medium grained gravel /  coarse grained 
sand 
0.200 5.90E-02 1.00 
Superficiale # 5 Medium gravel 0.325 5.90E-02 0.62 
Superficiale # 6 Medium to coarse grained gravel 0.350 5.90E-01 5.72 
Aquitard # a Silty sand 0.020 1.00E-06 0.00 
Aquitard # b Silty sand 0.020 1.00E-07 0.00 
Aquitard # c Clayey silt 0.020 1.00E-08 0.00 
Aquitard # d Silty clay 0.020 1.00E-09 0.00 
Aquitard # e Clay 0.020 1.00E-10 0.00 
Prima Falda # 7 Fine grained gravel 0.200 1.00E-02 0.14 
6.2.5 Scenario combinations 
Overall twenty-six scenarios (table 4) were calculated to mirror the range of the main fea-
tures at the Rho site. Thereby the most sensitive parameter for the DNAPL movement at 
the site Rho and similar sites shall be assessed.  
The highest and lowest permeable Aquitard material (Aquitard # a and # e) were combined 
with all materials of the Superficiale. The Aquitards # b, # c and # e were only combined 
with Superficiale # 5. Superficiale # 5 represents a typical gravelly aquifer with good hy-
draulic conductivity and a general mean groundwater pore velocity of 0.62 m/d, which is 
typical for many aquifers used for drinking water supply.  
The material parameters for Prima Falda # 7 were kept constant, because main points of 
interest are the possible pathways from the Superficiale through the Aquitard.  
In the scenarios simulating a perfectly impermeable Aquitard # e, the deeper confined aquifer 
Prima Falda was deactivated in order to save runtime, since the DNAPL cannot pass the 
Aquitard #e. 
Additionally, three scenarios consisting of Superficiale # 2, Aquitard # e, Prima Falda # 7 
and a mean pore velocity vw = 1 m/d were created, which include a hydraulic connection 
between the two aquifers (cf. figure 6.4). By this, the behavior of the DNAPL after passing 
through a hydraulic connection to the deeper aquifer was investigated. The discretization of 
the deeper aquifer Prima Falda was refined in order to extinct effects of discretization on the 
DNAPL distribution.  
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Pore velocity in upper 
Aquifer (m/d) 
1a_0.01 1 a 7 0.01 
2a_0 2 a 7 0.00 
2a_1 2 a 7 1.00 
2e_0 2 e - 0.00 
2e_1 2 e - 1.00 
2e_1_gap1 2 e 7 1.00 
2e_1_gap2 2 e 7 1.00 
2e_1_gap3 2 e 7 1.00 
3a_0.07 3 a 7 0.07 
3e_0.07 3 e - 0.07 
4a_0 4 a 7 0.00 
4a_1 4 a 7 1.00 
4e_0 4 e - 0.00 
4e_1 4 e - 1.00 
5a_0 5 a 7 0.00 
5a_0.62 5 a 7 0.62 
5b_0 5 b 7 0.00 
5b_0.87 5 b 7 0.87 
5c_0 5 c 7 0.00 
5c_0.61 5 c 7 0.61 
5d_0 5 d 7 0.00 
5d_0.62 5 d 7 0.62 
5e_0 5 e - 0.00 
5e_0.62 5 e - 0.62 
6a_5.72 6 a 7 5.72 
6b_5.72 6 b - 5.72 
6.2.6 DNAPL infiltration 
Since no information on the mass of contaminants was available for the Rho site, the amount 
of spilled DNAPL is assumed to be 50 tons over a time period of 50 years, based on literature 
studies of similar sites in Germany (Grandel and Dahmke, 2008).  
The DNAPL infiltration started after obtaining steady state conditions with regard to hy-
draulic pressure, i.e. steady groundwater flow. For practical reasons (i.e., model complexity 
and runtime), only TCE infiltration was modeled, although a mixture of TCE and PCE ex-
ists at the former industrial site Rho. The DNAPL was infiltrated at the position of the for-
mer disposal basin in eleven equally sized cells (area of 27.5 m²) over a time period of 
50 years, resulting in an infiltration rate of 0.25 kg/d × cell. Additional 25 years without 
further DNAPL leakage were modeled in order to observe the behavior of TCE after the re-
moval of industrial buildings above ground in the 1980s.  
6.2.7 Data interpretation 
In order to quantify the influence of groundwater flow and material parameters on the 
DNAPL position, the center of mass (CoM) of the phaseous TCE was calculated for each 
scenario. The mass of TCENAPL (MTCE) per cell was calculated using density of TCE as 
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NAPL (ρTCE), saturation of TCE (STCE), volume per cell (Vcell) and the respective porosity of 
the cell φ: 
 [\]  %\] ^ $\] ^ _ ^  `&'' (6.1) 
The varying influences on the position of the centre of mass in lateral and vertical direction 
are summarized by Box-Whisker-Plots. Because of the skewness of the data, the Kruskal-
Wallace- and the U-Test were applied for statistical analysis of influencing factors.  
Summarizing the variances in position, amount and volume of TCE as free phase, the chang-
es are exemplarily described for the end of the simulation time (t = 75 a). The simulations 
are grouped into three categories: 
Vel1 = Scenarios without groundwater flow (vw = 0 m/d),  
Vel2 = Scenarios with groundwater flow slower than 1 m/d (0 m/d < vw < 1 m/d) and  
Vel3 = Scenarios with vw ≥ 1 m/d.  
The analysis of the most sensitive and dominating factors for position, mass and volume of 
DNAPL are conducted for all 26 scenarios, including the three scenarios with a hydraulic 
connection and adapted discretization in depth (2e_1_gap1, 2e_1_gap2, 2e_1_gap3). 
6.3 Results  
6.3.1 Spatial distribution of the DNAPL 
The applied groundwater flow velocities significantly influence the position of the DNAPL 
TCE during and after infiltration. The material definition of Aquitard defines the vertical 
passage of the DNAPL by either being completely impermeable of by exhibiting slight to 
good long-term permeability. 
The spatio-temporal behavior of the simulated DNAPL after 50 years and 75 years is exem-
plarily shown for eight of the 26 conducted scenarios (figure 6.5). The simulation after 
50 years represents the conditions which could have been encountered, when site investiga-
tion and remediation started in the 1980s, while the results after 75 years represent possible 
current locations of the DNAPL, assuming no containment of the source zone. 
Two varying aquifer materials (Superficiale # 2 and Superficiale # 4) in combination with 
two aquitards (Aquitard # a and Aquitard # e) and two different groundwater flow velocities 
(vw = 0 m/d and vw = 1 m/d) are represented by the chosen scenarios 2a_0, 2a_1, 2e_0, 
2e_1, 4a_0, 4a_1, 4e_0 and 4e_1. 
Aquitard # a and Aquitard # e are the minimal and maximal permeable materials, which 
were investigated as Aquitard material. The aquifers Superficiale # 2 and Superficiale # 4 
both represent typical sandy aquifers, with Superficiale # 2 slightly being the less permeable 
aquifer. Since groundwater pore velocity is set to vw = 1 m/d in both scenarios, the hydraulic 
pressure in Superficiale # 2 is higher than in Superficiale # 4. 
Figure 6.5a illustrates the DNAPL distribution by its saturation in the scenarios without 
groundwater flow at t = 50 a. In scenario 4a_0 the DNAPL perpendicularly infiltrates the 
aquifer, fills up the depression and forms a primary pool on top of the aquitard while pene-
trating it and continuing infiltration of the deeper aquifer. It occupies a volume of 32.9 m³ 
with a total mass of 48.5 t. In the following 25 a (figure 6.5c) it continues its gravity driven  
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Figure 6.5  Spatial distribution and saturation of DNAPL at varying material compositions and groundwater 
flow velocities for eight varying scenarios (2a_0, 2e_0, 2a_1, 2e_1, 4a_0, 4e_0, 4a_1and 4e_1) 
after 50 years and 75 years 
a) at t = 50 a & vw = 0 m/d, b) at t = 50 a & vw = 1 m/d, c) at t = 75 a & vw = 1 m/d and d) at 
t = 75 a & vw = 1 m/d 
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downward movement and reaches a depth of 125 m amsl, thus travelling approximately 21 m 
in depth, through both aquifers, which are separated by an aquitard with reduced permeabil-
ity. Its overall volume at t = 75 a is reduced to 32.6 m³ with a mass of phaseous TCE of 
48.2 t, exhibiting only slightest dissolution in the stagnant groundwater. 
When TCE encounters the impermeable aquitard in scenario 4e_0, it pools completely 
within the depression of the aquitard at t = 50 a. It occupies a volume of 33.7 m³ with a 
total mass of 49.8 t. Since it occupies a smaller volume than in scenario 4a_0, the saturation 
of the available pore space is enhanced, improving the relative permeability of the porous 
medium for TCE and improving its mobility. Within 25 years after removal of the spill zone, 
the DNAPL distributes evenly within the depression of the aquitard and flows over the ridge 
to the right of the infiltration area (figure 6.5c). It continues its movement in the upper aqui-
fer and reaches the position x = 900 m as free phase. This movement is only influenced by 
the subsurface topography of the aquitard, since there is no groundwater flow in scenario 
4e_0. Its final volume at t = 75 a is still 33.7 m³ with a mass of 49.8 t. Within twenty-five 
years, it lost only 54 kg or 0.1 % of its mass due to dissolution processes. 
In the scenarios 4a_1 and 4e_1 the groundwater flow velocity is increased to vw = 1 m/d 
and the position of the DNAPL is significantly influenced by the streaming water (fig-
ure 6.5b, d). Due to the vector of hydraulic pressure, TCE infiltrates the subsoil not perpen-
dicularly any more, but with an inclined percolation path to the downstream direction. It 
pools not symmetrically in the depression but prone to the downstream area, being pushed 
over the ridge of the depression and continuing its downstream distribution in the upper aq-
uifer. TCE penetrates the aquitard and infiltrates the second aquifer in scenario 4a_1 (fig-
ure 6.5b) with lesser amount of TCE than in the stagnant scenario 4a_0. Its total mass of 
34.4 t is distributed over a volume of 23.2 m³, being 29 % less mass than in scenario 4a_0, 
illustrating the enhanced dissolution due to the streaming water. Twenty-five years later at 
t = 75 a it has formed a secondary pool in the upper aquifer Superficiale approximately at 
x - position 1050 – 1180 m. Additionally, it is stored in nearly all compartments of the Aqui-
tard between x = 590 m and x = 1180 m, but it only occupies the upper two meters of the 
underlying aquifer Prima Falda. 
In scenario 4e_1, the DNAPL moves over the ridge of the depression during the fifty years 
of infiltration and spreads out as continuous pool from x = 585 m to x = 1084 m. At the end 
of the simulated time (t = 75 a), the TCE free phase pool ranges from x = 588 m to 
x = 1331 m with a total mass of 33.3 t TCE with a volume of 22.5 m³. 
The DNAPL distribution pattern is significantly impacted by a change of material for the 
upper aquifer. In the scenario 2a_0 (less permeable aquifer Superficiale) a slightly smaller 
volume of subsoil is occupied by the DNAPL after 50 years of infiltration (figure 6.5a). It 
occupies a volume of 31.3 m³ with a total of 46.2 t TCE. It penetrates the aquifer and the 
aquitard slower than in scenario 4a_0 and infiltrates the second aquifer to a depth of 
132 m amsl. At t = 75 a (figure 6.5c) it spreads over a volume of 32.6 m³ with 48.2 t 
phaseous TCE, distributed between x = 564 m and x = 776 m, already starting to pass the 
highest point of the ridge. In the second aquifer Prima Falda it is present down to a depth of 
125 m amsl as free phase.  
Encountering the impermeable aquitard in the scenario 2e_0 (figure 6.5a) the DNAPL 
pools on top of the aquitard as in scenarios 4e_0, covering a volume of 33.7 m³ with a mass 
of 49.7 t and a reduced saturation of the subsoil. After the removal of the spill zone, the 
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DNAPL is redistributed in the subsoil due to gravitation. At t = 75 a it transgresses the 
ridge of the depression and continues its downhill movement to the right of the model do-
main (figure 6.5c). It covers a length of 305 m on top of the aquitard, reaching from 
x = 561 m to x = 866 m with 49.6 t of phaseous TCE in a volume of 33.6 m³. 
Enhancing the pore velocity in the upper aquifer to 1 m/d (scenarios 2a_1 and 2e_1), simi-
lar trends as in scenarios 4a_1 and 4e_1 can be observed. In scenario 2a_1 (figure 6.5b) 
the DNAPL infiltrates the upper aquifer Superficiale # 2 inclined to the downstream direc-
tion and does not pool in the depression of the aquitard, but is pushed downstream over the 
ridge by the groundwater. It does not infiltrate Aquitard # a in the surroundings of the spill 
area, but starts infiltrating at x = 987 m, i.e. 382 m downstream of the industrial site. Its 
mass of 34.9 t occupies a volume of 23.6 m³. Within the first 25 years after source removal, 
the DNAPL moved out of the area of the original contamination zone (figure 6.5d) and forms 
a long-term source zone on top, within and below the aquitard at x = 955 – 1400 m (mini-
mum). Since the DNAPL reached the end of the model domain at t = 70 a, this can only be 
regarded as a minimum length of the DNAPL pool.  
Comparing scenario 2e_1 to scenario 4e_1 a faster movement of the DNAPL is predomi-
nantly visible (figure 6.5b). After 50 years of infiltration it is evenly distributed with a max-
imum saturation of SNAPL = 0.125 over a length of 672 m, reaching from x = 626 m - 1298 m 
on top of the impermeable aquitard, without any significant pooling effects in the depression 
below the infiltration area. After the removal of the spill zone, the DNAPL is dissolved below 
the infiltration area and it stretches as thin pool (figure 6.5d) with maximum saturation of 
SDNAPL = 0.08 from x = 716 m to the end of the model domain. It covers a volume of 
13.1 m³ with a total mass of phaseous TCE of 19.5 t.  
 
6.3.2 Position of DNAPL and Center of mass 
The 26 scenarios exhibit a huge variety in the position of TCENAPL, depending on the combi-
nations of material parameters and applied groundwater pore velocities. Figure 6.6 depicts 
the distribution of mobile DNAPL of all conducted scenarios after 75 years of simulation 
time.  
In 20 scenarios TCE has passed the ridge at the downstream side of the depression after 
75 years. Only in six scenarios the DNAPL accumulates solemnly in the depression. These six 
scenarios are characterized by aquifer materials ranging from medium grained gravel with 
coarse grained sand to medium grained gravel, and vw = 0m/d to vw = 0.01 m/d.  
If the groundwater pore velocity exceeds vw < 0.07 m/d, the DNAPL passes the ridge of the 
downstream side of the depression independently of the hydraulic conductivity of the aquifer 
material. Even in less permeable material, the DNAPL is transported out of the depression 
by the streaming groundwater, i.e. if the hydrodynamic pressure is sufficient.  
The vertical travel distance of TCE is steered by the permeability of the applied aquitard 
material. TCE infiltrates all aquitards, except aquitard # e (pure clay). In the scenarios with 
aquitards # a, # b and # c, TCE percolates into the upper most meters of the second aqui-
fer Prima Falda. But infiltration into aquitard #d occurs only in the uppermost centimeters 
of the aquitard layer, where the DNAPL is stored as longterm source zone. 
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The three scenarios with hydraulic connection between the upper and the lower aquifer 
(identified by black box in figure 6.6) exhibit that prognoses of the infiltration depths into 
the deeper aquifer depend strongly on the discretization of the aquifer: All three scenarios are 
composed of the same materials and groundwater flow velocities, but with refined discretiza-
tion of the second aquifer. In the scenario 2e_1_gap1, discretization in depth of the deeper 
aquifer Prima Falda is ca. 7.8 m per row (5 rows). TCE is present as free phase in the gap 
and in the uppermost meters of Prima Falda. Refined discretization in scenario 2e_1_gap2 
to 2.4 m cell height (16 rows) results in a percolation depth of ca. 20 m into the second aqui-
fer. Further refinement to a vertical discretization of 50 rows à 0.75 m height of the deeper 
aquifer Prima Falda results in no percolation into the deeper aquifer at all, but the DNAPL 
remains within the gap between the aquifers and is only dissolved into the deeper aquifer 
Prima Falda, leading to an extended contamination plume (not shown). Because the main 
point of interest of this study is the distribution within the upper aquifer and potential pas-
sage into the deeper aquifer, but not the distribution pattern within the deeper aquifer, we 
did not investigate questions of discretization further. 
 
 
Figure 6.6 Spatial distribution of mobile TCENAPL (STCE > 0.05) as isolines and Center of Mass as dots of all 
conducted scenarios (z-magnification 1 : 25) 
By analyzing the distribution of the center of mass of mobile DNAPL of all 26 conducted 
scenarios, general trends can be recognized: The variance in the position of the centre of mass 
(figure 6.7) shows large interquartile ranges (IQR) regarding the lateral position and slighter 
variances regarding the position in depth. The IQR for the lateral position ranges at 622 –
 679 m for the no flow scenarios (Vel1, vw = 0 m/d) with median at 623 m, at 636 – 791 m 
for Vel2 (0 m/d < vw < 1 m/d) with median at 682 m and at 800 - 1128 m for Vel3 
(vw ≥ 1 m/d) with median at 913 m. The highest applied groundwater pore velocity of 
5.72 m/d causes a complete dissolution of the DNAPL at t = 54 a (6e_5.72) and t = 63 a 
(6a_5.72), respectively, and the plume of dissolved TCE leaves the model domain complete-
ly. The remaining seven scenarios of the category of vw ≥ 1 m/d (Vel3) all have a groundwa-
ter pore velocity of 1 m/d, due to the initialization of the systems. 
The centre of mass of the vertical position varies at 139 – 142 m amsl.  
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Figure 6.7  Variance in position of centre of mass at t = 75 a for vw < 0m/d (Vel1), 
0 m/d < vw < 1 m/d (Vel2) and vw ≥ 1 m/d (Vel3) 
 
6.3.3 Mass of the DNAPL 
In the scenarios without groundwater flow (Vel1), the amount of phaseous TCE varies be-
tween 30.6 t (5e_0) and 49.8 t (4e_0) in the model domain at the end of simulation time 
(t = 75 a), depending on the materials of the hydraulic units. Interquartile range (IQR) 
spans from 46.6 t to 49.7 t, with median at 49.4 t (figure 6.8). 
 
 
Figure 6.8  Boxplots of effects of groundwater flow velocity on mass of TCE at time steps 25 a, 50 a and 75 a 
for vw < 0m/d (Vel1), 0 m/d < vw < 1 m/d (Vel2) and vw ≥ 1 m/d (Vel3 
 
Enhancing the groundwater flow to 0 < vw < 1 m/d (Vel2), the total mass of phaseous TCE 
in the model domain differs between 32.4 t and 50.0 t. The IQR comprises 32.6 t – 45.0 t 
with the median at 36.0 t TCE phase being present. 
At groundwater flow velocities of 1 m/d or higher (max vw = 5.72 m/d), the mass of 
phaseous TCE is reduced to values between 0.0 t (scenarios 6a_5.72 and 6b_5.72) and 33.3 t 
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of the original infiltrated amount of 50.0 t. IQR is between 5.1 t and 29.4 t with the median 
at 19.5 t.  
6.3.4 Volume of the DNAPL  
In close relation to the mass of TCE phase, the amount of the volume of TCE phase (fig-
ure 6.9) shows the same trends.  
At stagnant conditions without groundwater flow (Vel1), the volume of TCE phase ranges 
from 20.7 m³ to 33.7 m³ with the median at 33.4 m³. The interquartile range comprises 
31.5 m³ to 33.6 m³ with the median being at 33.4 m³. The second category with groundwater 
flow velocities 0 < vw < 1 m/d (Vel2), shows minimum and maximum values of 21.9 m³ and 
32.5 m³, respectively. IQR is from 22.1 m³ to 30.4 m³ and the median at 24.6 m³. In the 
third category (Vel3, vw ≥ 1 m/d), minimum NAPL volume is 0.0 m³, since the dissolution 
process at vw = 5.72 m/d are predominant. Maximum present DNAPL volume is 22.5 m³, 
significantly less than in category Vel1 or Vel2. The median is at 13.1 m³ with IQR ranging 
from 3.5 m³ to 19.9 m³. 
 
 
Figure 6.9  Boxplots of effects of groundwater flow velocity on volume of TCE at time steps 25 a, 50 a and 75 a 
for vw < 0m/d (Vel1), 0 m/d < vw < 1 m/d (Vel2) and vw ≥ 1 m/d (Vel3) 
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6.4 Discussion 
6.4.1 Spatial distribution and position of centre of mass 
In the 2D cross section of the former industrial site Chimica di Bianchi in Italy, the ground-
water pore velocity causes a significant downstream displacement of the DNAPL TCE and 
influences mass and volume of the mobile DNAPL by enhancing dissolution processes.  
The statistical Kruskal Wallis-Test shows a clear significance for the influence of the 
groundwater flow on the position of the centre of mass.  
Although the significant influence of the groundwater pore velocity seems to contradict mod-
eling and experimental results by Dekker and Abriola (2000); Kamon et al. (2004); 
Putzlocher et al. (2006), it is a direct result of the set-ups of the conducted experiments and 
models. Previously conducted investigations cover groundwater velocities of 0.002 – 0.12 m/d 
(Putzlocher et al., 2006), 0.007 – 1.33 m/d (Gerhard et al., 2007), 0.0008 – 0.008 m/d 
(Dekker and Abriola, 2000) and max. vw = 0.4 m/d (Kamon et al., 2004). The natural 
groundwater flow at the field site Rho ranges between 1 – 2 m/d, which possibly has been 
further increased by operation of the capturing wells. In gravelly aquifers in mountain val-
leys, groundwater flow velocities can easily exceed 1 – 2 m/d. Natural groundwater flow ve-
locities in those regions are documented with 3.5 – 5.0 m/d (Hoehn and Santschi, 1987; 
Hoehn and Von Gunten, 1989; Von Gunten et al., 1991), 5.0 m/d (Herfort and Ptak, 2002) 
and maximum values at local scale of 10 m/d (Herfort et al., 1998). Comparing these regions 
with the area of Rho, the investigated groundwater pore velocities are a low, but good ap-
proximation of general gorundwater flow velocities encountered in Europe.  
Enhanced groundwater flow velocities can counteract effects of subsurface morphology as 
trenches and depressions, in which the DNAPL would pool at stagnant or very low ground-
water flow velocities. In the investigated model set-up, TCE is transported uphill out of a 
depression with an inclination of 2.5° of the slopes event at vw ≥ 0.01 m/d.  
The distribution of the DNAPL is not only influenced during the infiltration of the contami-
nant, but also after stopping the injection of further DNAPL. It redistributes in the subsoil 
depending on the local pressure regime. The distances of DNAPL movement within the sce-
narios conducted for these investigations is within the range, which Imhoff et al. (2003) pre-
dicted for real field sites, when applying inspectional analysis as upscaling tool to results of 
laboratory experiments.  
But according to Putzlocher et al. (2006), significant reductions in the transport distances of 
DNAPLs and in the pool length are caused by heterogeneous composition of the subsurface. 
Therefore, distribution patterns at the real field site will be shortened by a maximum of fac-
tor 50 and more compact than in the investigated scenarios. 
The influence of the applied aquifer material is only significant for the lateral position, while 
the aquitard material has no statistical significant influence on the centre of mass at all. Alt-
hough the variance caused by the aquitard material is mathematically not significant, the 
aquitard at the site below the disposal basin is at the vertical position ca. 140 – 142 m, i.e. 
the variance of the vertical position shows penetration of the aquitard. Moreover, figure 6.7 
illustrates that the lower the groundwater flow velocity, the shallower is the transportation in 
depth after 75 years of simulation time. The reasons are on the one hand that the DNAPL 
infiltrates the downstream slope of the depression at vw ≥ 0 m/d, when encountering slight 
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permeable aquitard materials. On the other hand, a simultaneous downstream displacement 
takes place at enhanced groundwater flow velocities. This leads to a downstream transporta-
tion of the DNAPL to an area of the model domain, where the aquitard is located deeper and 
the consequent pooling of the DNAPL on top of the aquitard or within the aquitard at that 
position. 
The position of the DNAPL body is furthermore not solely dependent on the measured 
groundwater pore velocity, but on the hydraulic pressure encountered in the aquifer, i.e. the 
combination of intrinsic material parameters and hydraulic pressure gradient: high hydraulic 
pressure can be caused either by reduction of material´s permeability or by increasing the 
hydraulic gradient. The same vw can exist at complete different pressure regimes and governs 
the phase flux by: 
 

 	a!$  			 $ 	12  $3 (6.2) 
Where 
   Darcy flux of phase β [m/s] $   Density of phase β [kg/m³] 
n   porosity [-]    Intrinsic permeability of the material [m²]    Relative permeability of phase β [m²]    Dynamic viscosity of phase β [Pa s]    Fluid pressure in phase β [Pa] with    6	     Pressure in reference phase (here: water) [Pa]     Capillary pressure between the involved fluids [Pa]    Gravitational acceleration [m/s²] 
 
The aquifer composition has furthermore no significant impact on the spatial position of the 
center of mass of the mobile DNAPL body. On contrast, the investigated aquitard materials 
exhibit a more complex impact on the DNAPL. Pure clays and silty clays (Aquitard # d and 
# e) are impermeable for DNAPL penetration as expected and prove to be a reliable barrier. 
Whereas aquitards comprised of silt, clayey silt or any kind of low permeable fine sand (Aq-
uitard # a, # b and # c) are no long-term barrier for the vertical DNAPL movement. In our 
model set-up, the DNAPL TCE was able to infiltrate and even penetrate all materials, which 
were characterized by a hydraulic conductivity higher than 1 x 10-9 m/s.  
6.4.2 Mass of DNAPL 
The U-Test exhibited a clear influence of the groundwater pore velocity on the mass of the 
DNAPL (p-values < 0.016). There was no statistical significance due to the general material 
composition of the aquifers and the aquitard, unless comparing the median of DNAPL mass 
in the scenarios in Superficiale # 2 vs. Superficiale # 6 and Superficiale # 5 vs. Superfi-
ciale # 6 directly to each other.  
The correlation between mass of DNAPL and groundwater velocity is consistent with find-
ings by Saba et al. (2001); Parker and Park (2004); Grant and Gerhard (2007), but the rate 
of dissolution is probably overestimated due to the dimensionality of the model. Although 
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(Christ et al., 2005) exhibited a good approximtation to 3D problems by representative 2D 
models, the water flux may be forced through contaminated regions of the source zone, that 
might be by-passed in 3D and thus increasing dissolution processes (Christ et al., 2009). 
Moreover, TMVOC assumes instantaneous dissolution, although dissolution processes are 
kinetically sterred and dependant on the surface area of the NAPL body (Sale and 
McWhorter, 2001). This would imply a reduced dissolution at the field scale in comparison to 
the model predictions. 
6.4.3 Volume of DNAPL 
Analyzing the development of volume with regard to the applied groundwater pore velocities, 
significant differences in the medians of all three applied groups are exhibited 
(p-values < 0.016). Analyzing the values of volume with respect to the material parameters, 
there is only a statistical significant difference between the aquifer materials Superficiale # 2 
vs. Superficiale # 6 and Superficiale # 5 vs. Superficiale # 6, when comparing directly to 
each other with the Whitney-Wilcoxon-Mann-U-Test. Otherwise, there is no significant influ-
ence of the aquifer material on the development of the volume of phaseous TCE. The varying 
applied aquitard materials exhibit no significant influence at all.  
6.4.4 Implication for former industrial site Chimica di Bianchi, Rho 
Extrapolating the results of the 2D modeling to the field site Rho, the following conclusions 
can be drawn: 
The geological description of the assumed Aquitard is not sufficient to define the material as 
an impermeable layer for DNAPL movement. The documented material classes, which com-
prise the so-called Aquitard, range over several grain classes, from silty sand to pure clay. 
But only the aquitard materials with kf < 10
-9 m/s (clays, Aquitard # d and # e) are im-
permeable for TCE. If only minor amounts of silt or sand (Aquitard # b and # c) or a mix-
ture of sandy silt or silty sand (Aquitard # a) is present, the DNAPL passes through these 
materials in the model predictions. This would imply a potential percolation of the assumed 
bottom sealing aquitard of the encapsulating system at the field site Rho assuming no 
groundwater flow at the site. Additional investigation of the Aquitard material and its hy-
draulic conductivity at the site with groundpenetration and borehole geophysics (georadar, 
electric conductivity DP, DP injection logging e.g.) could clarify the unsolved question of 
distribution of material classes within the Aquitard, its distribution and its resulting permea-
bility. 
Since the natural groundwater flow velocity at the Rho site is documented with approximate-
ly 1 – 2 m/d in average, it is more probable, that a major amount of the DNAPL moved out 
of the depression below the industrial site and was not encapsulated in the 1980s at all. The 
DNAPL may even have passed the position of the well gallery prior to their installation.  
We assume that the DNAPL passed the so-called Aquitard between the hotspot and the 
emergency well and probably also further downstream, since the ongoing monitoring cam-
paigns at the site still measure high concentration of dissolved TCE in the deeper aquifer, in 
which the emergency well and part of the well gallery are installed. Whether TCE passed 
directly through the assumed Aquitard or through a hydraulic connection can not be verified 
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based only on numerical simulation of the multiphase flow, because the primary information 
of the distribution of the Aquitard material is too sparse.  
Moreover, the real subsurface morphology of the Aquitard is not only a 2D depression below 
the former industrial site Chimica di Bianchi, but a complex three-dimensional morphology 
of hydraulic units. As the 3D model exhibited (figure 6.3), there are two trenches crossing 
below Chimica di Bianchi. The first trench is nearly oriented northwest to southeast, while 
the second trench stretches from east to west. The crossing of these two trenches creates the 
depression below the industrial site. In our model, the 2D cross section cuts through the 
highest slope of the depression, i.e. the slope to the sout-east of the hot spot. The DNAPL is 
able to transgress this slope of 2.5° at groundwater pore velocities of less than a meter per 
day. But the slope to the southwest of the depression, belonging to the east – west elongated 
trench, is lower than the slope of the 2D cross section. It has to be assumed that the DNAPL 
probably followed this trench and it could currently easily be located to the west of the well 
gallery. This assumption is consistent with geophysical investigations conducted by 
Cardarelli and Di Filippo (2009) at the Rho site, which found by applying electrical resistivi-
ty and induced polarization tomography measurements in 2D and 3D anomilies, which indi-
cate a potential DNAPL body south-west of the former industrial site.  
6.5 Conclusion  
The DNAPL distribution in the conducted scenarios is significantly influenced by the en-
countered groundwater pore velocities. Contrary to previous assumptions, the DNAPL can 
move out of depressions, even at slowest groundwater pore velocities. The depression in the 
conducted scenarios exhibits a rising slope of 2.5° in downstream direction (height of the 
ridge ca. 4m). Groundwater flow velocities of vw = 0.01 m/d are sufficient to transport the 
DNAPL over the ridge. The transport is not dependent on the size of the depression or the 
amount of spilled DNAPL, as long as it is not trapped in residual saturation. Furthermore, 
the groundwater pore velocity enhances the downstream displacement of the DNAPL TCE. 
Downstream displacement at vw ≤ 1 m/d can be increased by a factor of more than ten com-
pared to scenarios without groundwater flow, e.g. occurrence of free phase TCE further than 
775 m downstream of the source zone instead of 75 m downstream.  But the magnitude of 
the downstream displacement depends not only on the groundwater pore velocity, but actual-
ly on the hydrodynamic pressure gradient in the system, i.e. the combination of hydraulic 
gradient and intrinsic material parameters. High hydrodynamic pressure gradients increase 
the downstream displacement even in units with reduced permeability. This means that ne-
glection of either hydraulic gradient or permeability will create a distorted distribution pat-
tern, because the groundwater flow velocity in low permeable material will be slow, mean-
while the hydrodynamic pressure gradient will be huge.  
In the investigated scenarios, there is a statistically significant influence of the groundwater 
pore velocity while the material composition of the upper aquifer only shows a significant 
impact on the DNAPL distribution pattern in its extreme material composition (maximum 
and minimum permeability as pure well sorted gravel and fine sand).  
The scenario modeling furthermore revealed that aquitards that hinder vertical groundwater 
movement are possibly permeable for infiltrating DNAPLs, because of the higher density and 
lower viscosity of the DNAPLs. In the multiphase flow simulations, only materials with 
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kf < 10
-9 m/s (pure clays) were efficient long term barriers for vertical DNAPL movement. 
Any kind of clayey material with slightest amounts of silt or sand is permeable for DNAPLs 
within the investigated time frame of 75 years. Layers of sandy silt and silty sand 
(10-7 m/s < kf < 10
-8 m/s) will not stop the vertical DNAPL movement, but only slow it 
down. At the same time, these materials will act as long term storage units for the DNAPLs, 
creating subsequent secondary source zones.  
Three scenarios were calculated with varying discretization in depth of the deeper aquifer. 
These simulations exhibited that the vertical penetration depth strongly depends on the cell 
size of the model. As we calculated the deeper aquifer with the same resolution as the upper 
aquifer (2.5 × 1 × 0.75 m, runtime ca. 50 hours), TCE did not infiltrate into the deeper aq-
uifer as free phase, but only dissolved in water. Coarser discretization (2.5 × 1 × 2.4 m, 
runtime ca. 6.5 hours) leads to an infiltration depth of ca. 20 m into the deeper aquifer or to 
no infiltration at all at cell sizes of 2.5 × 1 × 7.8 m (runtime ca. 7 hours). Aspects of de-
scretization of the deeper aquifer were not further investigated, since research focus was set 
on possible transport mechanisms out of the area of interest (upper aquifer Superficiale) in 
lateral or in vertical direction. But a sensible discretization of the multiphase model would be 
essential, if penetration depth in the deeper aquifer is the main focus of interest.  
The results of the scenario modeling depend furthermore on the boundary conditions of the 
model. Because the DNAPL infiltration is modeled in 2D, transport and dissolution of the 
free phase are enhanced compared to reality. In the 2D model the DNAPL is forced through 
the NAPL contaminated area, but it would bypass the source zone in a 3D scenario, follow-
ing the path of least resistance, i.e. the path with highest permeability, which is the area 
with no NAPL present. Transportation lengths as well as dissolution rates are therefore over-
estimated in our model. But up until now it is not possible with the applied software to sim-
ulate realistic 3D multiphase models with cell numbers of several tens of thousands cell.  
The simulations depend furthermore on the chosen set of scaling parameters for the entry 
pressure in the capillary pressure function. Because no measurements of the material of the 
field site were available, literature values were applied and bear a specific uncertainty. Meas-
urements of the capillary pressure of the materials at the site would reduce this level of un-
certainty.  
In order to reduce the level of uncertainties, a multiphase modeler would need detailed in-
formation about the spatial distribution of material classes, their exact classification due to 
permeability, water table elevations of the area of interest and laboratory measurements of 
the capillary entry pressure for the investigated fluid-material combination. But investigation 
on such a detailled level is time- and cost consuming. Therefor site investigation should con-
centrate on efficient characterization of the hydraulic units and their distribution as well as 
on local and regional water table elevation. This would deliver the needed information for 
correct implementation of the hydraulic pressure gradient in the multiphase model and to 
increase the accuracy of the model prediction. Meanwhile, scenario modeling is a good ap-
proximation and a helpful tool for the planning of site investigation and site remediation 
actions. 
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The incentive for the investigation of multiphase modeling as site investigation tool is the 
still unknown position of long-term DNAPL source zones in the subsoil at many industrial 
sites worldwide, although most sites are regarded as thoroughly investigated by classical 
methods.  
The modeling approach presented in this study provides an explanation for the inaccurate or 
often even unknown position of DNAPL source zones at many industrial sites. Effective site 
remediation depends on the level of accuracy concerning the position and the probable 
amount of phaseous contaminants acting as long-term source zone. Dissolution behavior and 
thus longevity of the source zone strongly depends on the source zone geometry, i.e. its dis-
tribution in the subsoil. Misjudgment of position and mass of the source zone can lead to 
increased time and cost demands or, as worst case, to complete failure concerning remedia-
tion according to health safety standards. 
Planning of remediation actions depends directly on the available information provided by 
site investigation campaigns. Lines of evidence are not existent in most cases and have to be 
supplemented by lines of indications for the occurrence and position of the source zone. Be-
cause traditional and well-established physical site investigation (e.g. drilling and monitoring 
wells) is costly, time consuming, delivers only sparse spatial data and bears the potential of 
unwillingly spreading of the contaminants. Therefore most campaigns are restricted in the 
number of investigations performed at the site, the data density and thus the level of accura-
cy actually needed in most cases for a thorough risk assessment. 
New methods of non- and low-invasive site investigation techniques are required to breach 
the gap between “affordable” and “necessary”. Enhanced geophysics for faster and better 
characterization of the subsoil, tree-core monitoring for fast characterization of possible 
hotspots, new statistical analysis of sparse data and new approaches in modeling of contami-
nants are possible non- and low-invasive methods, as investigated by the EU-ModelPROBE 
project. 
The multiphase modeling of the DNAPL seepage history, based on existing data of previous 
historical and physical site investigation bears the potential to investigate sparse data sets 
and enhance our understanding of possible pathways of DNAPLs in the subsoil in dependen-
cy of the geological composition of the subsoil and hydrogeological settings. It can contribute 
to the decision making process regarding additional site investigation campaigns or site re-
mediation actions by exhibiting prominent data gaps, addressing unsolved questions regard-
ing material parameters and indicating consequently possible positions of DNAPL source 
zones.  
The test site for the multiphase modeling is the ModelPROBE reference site Chimica di 
Bianchi in Rho, Italy. This former industrial site of glue and dye production represents typi-
cal challenges encountered at numerous brownfield sites. Nearly 80 years of industrial usage 
lead to high concentrations of dissolved chlorinated solvents in the two underlying aquifers. 
Several site investigation campaigns and site remediation actions were performed in the last 
30 years. The site is regarded as well investigated by conventional methods and containment 
actions were performed between 1980 and 2010. Concentrations of dissolved contaminants 
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still exceed safety regulation, although the assumed source zone was encapsulated and several 
wells currently capture the plume of dissolved contaminants.  
Data of previous site investigation is existent, but delivers no sufficient explanation for the 
unchanged high concentrations of dissolved contaminants in the subsoil. Information about 
probable spill location, spill amount and spill time are sparse. Detailled information about 
the technical consummation of containment actions performed is sparse to non-existent.  
The subsurface is assumed to consist of two highly permeable quaternary, alluvial aquifers, 
which are separated by an impermeable aquitard of silty - clayey composition. Distribution of 
the assumed aquitard has to be interpolated from moderate spatial point data and is neither 
accurate nor complete. The potential subsurface morphology of the aquitard can generate 
potential preferential flow paths for DNAPLs, as within trenches or depressions. Naturally 
occuring groundwater flow velocities in both aquifers are in the range of 1 – 2 m/d, which are 
typical values for Europe.  
It is assumed that a secondary DNAPL hot spot in the subsoil acts as long-term source zone 
of dissolved contaminants, but its position cannot be approximated by conventional site in-
vestigation methods.  
The multiphase modeling combines all available information about contamination history, 
geological composition of the subsoil and hydrogeological parameters in order to narrow 
down possible locations of DNAPL hot spots in the saturated zone. By investigating several 
site specific, potentially sensitive parameters concerning the DNAPL behavior in the subsoil, 
an additional line of indication can be concluded. The information obtained by multiphase 
modeling help to improve further decision making processes regarding site investigation and 
site remediation plans.  
But the quality of the multiphase model is restricted by the quantity and quality of primary 
data, which either has to be delivered by site investigation campaigns, by laboratory experi-
ments or by literature studies. The level of accuracy and the density of the primary data 
determine the level of accuracy of the multiphase model, although inaccurate or missing in-
formation can partly be dealed with by enhanced interpolation methods and partly by model-
ing of varying scenarios.  
The investigation aims comprises four issues and resulting questions in order to localize the 
unknown position of a DNAPL source zone: 
 
Issue 1 – Documented natural groundwater flow velocities at many industrial sites are much 
higher than typical groundwater flow velocities investigated in already conducted laboratory 
experiments and scenario models. Groundwater flow can furthermore be increased, when 
Pump & Treat facilities operate at the sites. At the former industrial site Chimica di Bianchi 
natural groundwater flow velocities are approximately 1 – 2 m/d and several wells are cap-
turing the plume of dissolved contaminants. 
Could increased groundwater flow velocities have affected the position of the DNAPL 
source zone? 
 
Small scale laboratory experiments with high groundwater flow velocities 
(max. vw = 40m/d) were used to calibrate small scale homogenous multiphase models. Thir-
teen varying groundwater flow velocities were investigated by scenario modeling concerning 
their impact on the position of a DNAPL TCE body in the saturated zone. Based on the 
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results, phaseous TCE in homogenous media is already affected by groundwater flow veloci-
ties of 0.05 m/d. Distribution pattern, dissolution rate and consequently the size of the 
DNAPL body are directly affected by the encountered flow velocities. Extrapolating the 
small scale scenarios to a homogeneous field scale problem, the main DNAPL body could 
theoretically be transported over 5.4 km within 50 years at groundwater flow velocity of 
vw = 1 m/d 
Transferring the results of the calibrated small scale multiphase models to the site Chimica 
di Biachi indicates a possbile transport of the main DNAPL phase body over significant dis-
tances prior to the encapsulation of the assumed source zone. However, small scale heteroge-
neities in the material parameters can superimpose the influcence of the groundwater flow 
velocity by creating preferential flow path, as it was observed in the laboratory experiments.  
 
Issue 2 – Geological descriptions of hydraulic units as aquifers and aquitards vary generally 
by several orders of magnitude in reality. At the site Chimica di Bianchi, the geological de-
scription of the present aquitard includes mixtures of silty sand, sandy silt, silty clay and 
pure clay, and acting as overall impermeable layer for groundwater. In general groundwater 
aquitards are assumed to be effective barriers for vertical DNAPL movement.  
Are the assumed aquitard materials also impermeable for DNAPLs? 
 
The layer, which is assumed as aquitard and in which the encapsulation of the assumed 
source zone was rooted, is neither generally distributed at the site, nor can it be regarded as 
impermeable for phaseous TCE. The available description of bore logs at the site as well as 
provided by literature characterizes the aquitard as a mixture of clay, silty clay, clayey silt 
and silty sand. Multiphase modeling of respective scenarios exhibited that only pure clays 
with a hydraulic conductivity lower than 10-9 m/s are long-term barriers for vertical DNAPL 
movement. But it has to be stated that it is not sufficient to regard the hydraulic permeabil-
ity or the intrinsic permeability of the material. The entry pressure according to the capillary 
pressure regime has to be taken into account, since it steers the entrance of NAPLs into the 
pore space. As long as there are no specific measurements of the entry pressure of the specific 
material – fluid combination of the site, values for the capillary pressure - saturation function 
have to be adapted from literature. Due to the non-specific data, variances are possible. Nev-
ertheless, hydraulic conductivity of 10-9m/s (i.e. pure clays) can be considered effective 
DNAPL barrier as a rule of thumb.  
 
Issue 3 – Spatial information about the distribution of hydraulic units is generally sparse, 
because traditional site investigation is mostly drilling and only in single cases supported by 
geophysical areal investigations. The distribution of geological units has to be interpolated 
from point data (bore-logs, borehole informations) in most cases. At Chimica di Bianchi in 
Rho it is assumed that the impermeable material of the aquitard is omnipresent at the site, 
but geological modeling conducted in this study indicate that the aquitard may have several 
missing areas. 





Although the site Chimica di Bianchi is regarded as thoroughly investigated with more than 
250 bore logs in the area, the primary information of the subsoil is not sufficient to define the 
aquitard material as being omnipresent at the site. It is known from literature that the aqui-
tard is missing at regional scale. The 3D structural models which were conducted based on 
the original bore logs of the site do not support the hypothesis of an omnipresent aquitard at 
the site. It is more likely, that there are several lenses of clayey and silty material, which can 
be overlapping and continuously distributed over distances of several meters, but which are 
not ubiquitous at the area of Chimica di Biancha. 
Performed multiphase model scenarios exhibited that migration of DNAPLs within an aquifer 
due to streaming groundwater and subsequent passing through a gap in the aquitard is pos-
sible. The exact location of such a hydraulic connection between the two aquifers could not 
be concluded from the models, due to the sparse primary data.  
Within the second aquifer, the DNAPL TCE percolated only to a depth of tens of meters. It 
is concluded, that it is unlikely, that the DNAPL pools on the bottom of the second aquifer 
at the site. The scenario modeling indicates an entrapment in residual saturation in the up-
permost meters of the deeper aquifer and resulting dissolution over long time periods. 
 
Issue 4 – Aquitards and low permeable units are in reality charcterized by complex morpho-
logical features, as depressions, trenches, ridges and eroded areas. Assuming an omnipresent, 
impermeable aquitard at the site Chimica di Bianchi, the surface of this aquitard shows typi-
cal subsurface mor-phology with trenches, depressions and ridges. 
What are the influences of subsurface morphologies on the DNAPL movement and its 
final position? 
 
Twenty-six scenarios with constant subsurface morphology of the aquitard, but with varying 
material compositions and varying groundwater flow velocities were conducted to address 
Issue 4. If groundwater flow is stagnant, the morphology defines the DNAPL distribution. It 
will follow gravity driven solely the inclination of the impermeable layers and accumulate at 
the deepest location. But the results of the scenarios with groundwater flow indicate, that 
even moderate groundwater flow velocities of vw = 0.07 m/d are sufficient to transport the 
DNAPL TCE out of a depression with sloped walls of 2.5° (ca. 4 m relative height difference 
on 200 m). 
The exact length of the pathway of the DNAPL TCE is overestimated in the scenarios, since 
all materials are assumed to be homogenous – anisotropic. It is well known from literature, 
that implementing small scale heterogeneities into the model or experiments results in short-
ened pathways of NAPLs. Generally the reduction is in the range of 50 % compared to dis-
tances in homogenous scenarios (Putzlocher et al., 2006). Unfortunately, the applied multi-
phase simulator TMVOC is not (yet) able to handle heterogeneous permeability fields in 
realistic site scenarios. But even if all values of pathways delivered by multiphase modeling 
are reduced by 50 %, it still implicates a significantly changed position for the DNAPL at the 
site Chimica di Bianchi and thus an inefficient positioning of the containment barriers and 
wells.  
 
The multiphase modeling of the DNAPL seepage history provided valuable information for 
the former industrial site Chimica di Bianchi. Most importantly it came to attention that the 
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site investigation already conducted is not sufficient to define the position of the DNAPL. In 
order to improve the quality of prediction, geophysical investigation would be a helpful add-
on. By mapping the spatial distribution of soil classes with georadar, geoelectricity or even 
seismic, it could be possible to define the position and extend of impermeable layers more 
accurately. Including this information into the multiphase model would increase the level of 
accuracy. More detailled historical investigations regarding spill mass and spill time frame 
would also improve accuracy 
But up until now, the 3D modeling of contaminant spill provides huge challenges. Due to 
excessive runtime when modeling with cell numbers larger than 10 000 and the complex ini-
tialization of groundwater flow conditions, I do not recommend multiphase modeling with 
TMVOC as advisable tool for field investigations.  
It is a valuable tool for investigating specific questions arising at sites and for investigating 
fundamental principles governing multiphase flow behavior of DNAPLs. But conduction of 
realistic 3D models with accurate resolution is not yet possible within an acceptable time 
frame. I hope that future improvements concerning stability and performance might enable 
standard applications of 3D multiphase models in an iterative site investigation process, but 
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